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ABBREVIATIONS
Throughout this dissertation the following abbreviations 
will be used;
ADP adenosine-5‘-diphosphate
AICAR-5*-P 5-amino-4-imidazolecarboxamide-riboside-5’-
phosphate
ATP adenosine-5*-triphosphate
CDR cytosine-2*-deoxyriboside, cytosinedeoxyriboside
CDR5P cytosinedeoxyribotide, cytosine-2*-deoxyriboside-
5‘-phosphate
DihydroPGA 7,8-dihydropteroylglutamic acid
D M  deoxyribonucleic acid
DPR+ diphosphopyridine nucleotide
DFl'IH reduced diphosphopyridine nucleotide
EDTA ethylenediaminetetrascetic acid
JAIOAR-5*-P 5-formamido-4-imidazolecarboxamide-riboside-
5’-phosphate
5 5R -formiminotetrahydroPGA N -forraiminotetrahydropteroyl-
glutamic acid
R ^  -f ormyltetrahydroPGA I ^  - f ormy 11 e t rahyd r op t er oyl glutamic
acid
Hy amine R-p-(di-isobut.yl-cres oxyethoxyethyl), N-dimethyl,
N-benzylammonium hydroxide
5 5N -hydroxymethyltetrahydroPGA R -hydroxymethyltetrahydro-
pteroylglutamic acid
N^If^-methenetetrahydroPGA 5 10N ,N -methenetetrahydrO'
pteroylglutamic acid
^-methylenetetrahydroPGA K5,N^w-methylenetetrahydrc-
pteroylglutamic acid 
PGA pteroylglutamic acid
inorganic phosphate
POPOP 1,4-bis-2(5-phenyloxazolyl )-benzene
PPG 2,5-diphenyloxazole
TDR thymidine, thymine-2*-deoxyrihoside
TDR5P thymidylic acid, thymine-21-deoxyrihoside-5’-
phosphate
TetrahydroPGA 5,6,7,8-tetrahydropteroylglutamic acid
TPN* triphosphopyridine nucleotide
TPNH reduced triphosphopyridine nucleotide
tris tris>( hydroxymethyl) am inomethane
ÜDR uracildeoxyrihoside, ’uracil-2*-deoxyrihoside
UDR5P uracildeoxyrihotide, uracil-2*-deoxyrihose-5*-
phosphate
All temperatures are in °Centigrade
THE ENZYMIC METHYLATION OF URACILDEOXYRIBOTIDE
C H A P T E R  I 
GENERAL INTRODUCTION
1* Thymine biosynthesis and folic acid.
In 1939 Snell and Peterson^- found that growth of the
organism Lactobacillus casei was promoted by a factor in liver
extract which could be selectively adsorbed on to charcoal.
This was referred to as the "norite eluate factor". Subsequent
2 3investigations culminated in the isolation from spinach ’ and
4partial characterization of a growth factor for Streptococcus 
lactis R, and this was given the name "folic acid". It was 
shown to be closely related to the "norite eluate factor", and 
on the basis of its chemical structure was named pteroylglutamic 
acid (PGA) (i)5.
(I)
Pteroylglutamic acid (folic acid)
In the course of this work Snell and Mitchell found that 
growth of various organisms of the lactic acid group was
20
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(IV)
Thymidine
(V)
Uracildeoxyriboside
CH20P03H2
(VI)
Thymidine-5f-phosphate 
(thymidylic acid)
(VII)
Uracildeoxyribotide
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limited in the absence of one of the bases thymine (il), uracil 
(ill), guanine or adenine. This was the first demonstration 
that thymine is essential for the growth of some organisms.
Half maximal growth of Streptococcus lactis R was
-4obtained with as little as 1*2 x 10 Mg* of folic acid per ml. 
of growth medium. Thymine in relatively high concentration 
(1 M€• per ml.) could replace folic acid • Stokes pointed out 
that since at least 5000 times as much thymine as folic acid was 
required it was possible that folic acid participated directly 
or indirectly as a coenzyme in the synthesis of thymine or a 
related compound. Thymidine (IV) was as effective as thymine in 
promoting growth.
Evidence that folic acid played an important part in the
formation of DNA-thymidine was later provided by the work of
0
Friedkin and Roberts , who showed that the utilisation of 
(2*-^ 4C)-uracildeoxyriboside (V) for the formation of DNA- 
thymidine by chicken bone marrow cell suspensions and by minced 
chicken embryo was inhibited by aminopterin (4-deoxy-4- 
aminopteroylglutamic acid)(VIIl), a folic acid antagonist*
(VIII)
C O O HI
?H2
?H29HCO 0 H
Aminopterin
4 .
2 . M ethyl ^ roup  P re c u r s o r s ,
/ 14 \The p o s s i b i l i t y  t h a t  la b e le d  carbon  from  (3 -  C; - s e r in e  or 
/ 14 \(2 -  C ;-g ly c in e  m ight be a  p re c u r s o r  o f the m ethyl group o f
thym ine o r  a  thym ine d e r iv a t iv e  was f i r s t  in v e s t ig a te d  by Elwyn
9 14and S p rin so n ^ . They showed t h a t  when e i t h e r  (3 -  C)-serine or
.  ]  4 s
(2 - ' C )-g ly c in e  was a d m in is te re d  to  r a t s  in  v iv o  a  s i g n i f i c a n t
amount o f  th e  la b e le d  ca rb o n  was in c o rp o ra te d  in to  DNA-thymine.
F u r th e r ,  by d eg rad in g  d ie  thym ine to  y ie ld  iodoform  from  th e
14m ethyl group, th e y  d em onstra ted  t h a t  90fo o f the  C - a c t iv i t y
was p re s e n t  in  th e  m ethyl g roup .
Elwyn and S p r in s o n ^  l a t e r  ex tended  t h e i r  work by showing
t h a t ,  in  th e  f o r m t  io n  o f  th e  m ethyl group of DNA-thymine in
th e  r a t  from (3-^**C $3-D )-L-serine and (D ;x'tG )-fo rm ate , 1*5 and
C,9 atoms o f d eu te riu m , r e s p e c t iv e ly ,  accom panied the  la b e le d
ca rb o n . T his im p lie s  t h a t  in  th e  fo rm a tio n  of th e  thymine
m ethyl group th e re  i s  no g r e a t  lo s s  o f the carbon-bound
hydrogen atom s, and th e r e f o r e  o x id ise d  d e r iv a t iv e s  of fo rm ate
o r o f  th e  hydroxym ethyl group o f  s e r in e  canno t be in te rm e d ia te s .
M eanwhile, th e  in c o rp o ra t io n  o f in j e c te d  ( C )-fo rm ate
in to  th e  th y m id y lic  a c id  (V i) of DNA i s o l a t e d  from  th e  v i s c e r a
o f th e  r a t  had a l s o  been d em o n stra ted  by T o t te r ,  V olk in  and 
11 14G a r te r  . In  t h i s  case  a l l  tiie C - a c t iv i t y  was found in  th e  
thym ine m oiety  of th e  th y m id y lic  a c id .  When th e  thymine was 
deg raded , o v e r 70fo o f  th e  a c t i v i t y  cou ld  be d e te c te d  in  th e  
a c e to l  d e r iv e d  from  carbons 4 and 5 o f th e  p y rim id in e  r in g  and
5
the methyl group; but no activity could be detected in urea
containing the carbon from position 2 or in CO^ containing the
carbon from position 6 of the pyrimidine ring* The 30ft
discrepancy between the activity in the intact thymine and that
in the methyl carbon is presumably due to experimental error*
It was later shown that labeled formaldehyde injected
12into rats was also incorporated into DNA.-thymine , and Ehrlich
ascites tumor cells were able to incorporate labeled formate 
13into DNA-thymine • Cell-free extracts of rat thymus gland and
/14 \of other mammalian tissues which could incorporate ( C
formaldehyde into thymidine and thymidylic acid were prepared
14by Phear and Greenberg • These reports did not establish that 
14C from labeled formaldehyde was incorporated into the methyl 
group.
Extracts of rabbit thymus gland capable of incorporating
C from (3- C)-serine into thymidine were prepared by Blakley •
In this case iodoform prepared by degradation of the thymidine
14methyl group was shown to contain all of the C-activity in the 
thymidine molecule*
These findings on the biological formation of the thymine
methyl group were in accordance with earlier evidence for the
formation of other methyl groups in mammalian tissues.
16Du Vigneaud, Simmonds, Chandler and Cohn showed that a small 
but not insignificant amount of deuterium from the body water 
of rats became incorporated into the methyl groups of choline
6
even when adequate preformed methyl groups were supplied in the
diet* Although this was at first attributed to the activity of
17intestinal bacteria, later work in which germ free rats were 
used showed that the formation of labile methyl groups went on 
in the tissues of the rat*
18Evidence had also been obtained by Sakami that in the 
14rat, C from the labeled methyl groups of acetone became
incorporated into the methyl groups of choline and methionine*
19 14Welch and Sakami had been able to show also that C-formate
could be incorporated into the methyl groups of choline and
methionine, both in the intact rat and in rat liver slices*
20Again, Weissbach, Elwyn and Sprinson had demonstrated that if 
/ 14 n / 14 \either (3- C)-serine or (2- C;-glycine were fed to rats then 
choline from the internal organs was extensively labeled in the 
methyl group carbons.
3* Folic acid and methyl group formation.
The role of folic acid in the de novo formation of methyl
groups was for a time obscured by evidence that preformed
methyl groups from dietary sources were utilised in the formation
of compounds containing methyl groups. It had been shown that
21methionine was an essential amino-acid for the rat • Further
it was shown that rats on a diet deficient in methionine but
containing homocysteine would grow if choline was added to the
diet. From this work du Vigneaud and others obtained evidence
22-25for transmethylation w , i.e. the transfer of a methyl group
7
from a donor such as choline to an acceptor such as homocysteine 
with the formation of a new compound, in this case methionine*
The transfer of a methyl group from methionine to choline was 
also shown to occur.
When such studies were carried out on weanling rats
deficient in folic acid, vitamin and methionine, a supplement
of homocysteine did not promote growth and all the animals
26developed renal haemorrhages • The renal haemorrhages could he
prevented by the addition of adequate amounts of either choline
alone or betaine plus aminoethanol to the diet* To produce
optimum growth, it was further necessary to add vitamin B.^*
When limiting amounts of choline or of betaine plus aminoethanol
were added to the diet, both vitamin B^g and folic acid were
required to prevent renal haemorrhages and to promote optimal
growth* These results appear to indicate an important role for
folic acid and vitamin B^^ in the metabolism of choline in the
rat and suggest that this role may in some way involve the
provision of methyl groups* It has been shown that folic acid
plays a part in the biosynthesis of the first two methyl groups 
27of choline , the third being obtained via the methyl group of
methionine. It has since been also shown that all the methyl
groups of choline may be derived from adenosylmethionine by
28stepwise transmethylation •
0
The work of Friedkin and Roberts , already referred to, 
provided more direct evidence that folic acid was implicated
8in  th e  m e th y la tio n  o f u rac ild eo x y rib o sid e*  A p o s i t iv e
dem onstration  th a t  th e  fo rm ation  of thym idine from u r a c i l -
d eo x y riboside  in v o lv ed  te tra h y d ro p te ro y lg lu ta m ic  a c id  ( te tra -
hydroPGA) (ix) as a c o fa c to r  was ob ta ined  by B la k le y ^  u sin g
c e l l - f r e e  e x tr a c ts  o f r a b b i t  thymus gland* S im ila r  r e s u l t s
when o th e r  mammalian t i s s u e  e x tra c ts  were used were re p o r te d
14about the  same tim e by Phear and Greenberg , who suggested  
th a t  p h o sp h o ry la tio n  o f  th e  n u c leo s id e  w ith the  fo rm ation  of 
the  5* -n u c le o tid e  preceded the a d d itio n  of the m ethyl group 
to  th e  py rim id ine  moiety*
(IX)
T e trah y d ro p te ro y lg lu tam ic  ac id
4* The ro le  o f  tetrahydroPGA and i t s  d e r iv a t iv e s  in  m etabolism .
TetrahydroPGA has been shown to  a c t  as coenzyme in  th e
2 9  30—33enzymic s y n th e s is  of s e r in e  and p u rin e s  in  a d d it io n  to
th a t  o f c h o lin e  and m ethionine and thymine* The f i r s t  d i r e c t
evidence fo r  th e  coenzyme ro le  of tetrahydroPGA was provided 
29by B lak ley  , who showed th a t  i t  fu n c tio n ed  as an e s s e n t ia l  
coenzyme f o r  th e  in te rc o n v e rs io n  of s e r in e  and g ly c in e  in  d ia ly se d  
crude l i v e r  e x t r a c t s .  S im ila r  r e s u l t s  were sim u ltaneously
9reported by Kisliuk sind Sakami
Since the organism is generally supplied with PGA whereas
tetrahydroPGA is the active coenzyme, it is evident that the
hydrogenation of PGA is of considerable importance to the
organism* This process has been found to take place in two steps
catalysed by two different enzyme systems*
Although the reduction of PGA to dihydropteroylglutamic
acid (dihydroPGA) (x) by TPNH is catalysed by a folic acid
reductase present in chicken liver, this enzyme has not been
35extensively purified * A folic acid reductase has been partially
36purified from extracts of Clostridium sticklandii but in this 
case the mechanism of reduction appears to be a different one 
in that serine, pyruvate, o-ketobutyrate or methionine, instead 
of DFNH or TPNH, are involved in the reduction, and there is a 
specific requirement for coenzyme A.
34
COOH
CH0
C-NH-CH
COOH
(X)
Dihydropteroylglutamic acid
two
are
The positions of the pteridine ring of PGA to which the 
hydrogen atoms are added in the formation of dihydroPGA 
not known with certainty, although there is some indirect
library T-
10.
37-39evidence' that they are in the 7 and 8 positions as shorn
above.
The reduction of dihydroPGA by TPNK or DFNH is catalysed
by a dihydrofolic acid reductase also present in chicken 
35 39—41liver ’ At neutral pH TFUH is much more effectively
used than DPHH, and the equilibrium markedly favours the
formation of tetrahydroPGA• Aminopterin strongly inhibits this
42reaction in a non-competitive manner *
Both tetrahydroPGA and dihydroPGA are rapidly oxidised in
the presence of oxygen, the process of oxidation being
accompanied by considerable degradation of the molecule, including
43the loss of the jD-aminobenzoylglutamic acid side chain %  Under
normal conditions in the intact cell tetrahydroPGA must be
protected from oxidation by the presence of reducing agents,
A number of PGA derivatives containing amino-acids in
peptide linkage with the glutamyl portion of the PGA molecule
have been isolated from bacteria, A compound with two extra
glutamyl residues in peptide linkage has been isolated from a 
44Corynebacterium and a substance with similar chromatographic
45properties lias also been isolated from a Clostridium . Some
polyglutamyl compounds isolated from Clostridium cylindrosporum
contained in addition serine, glycine and alanine residues, as
46well as pentose and phosphorus • Pteroylheptaglutamic acid
47has been isolated from yeast • Although these amino-acid
residues may bind the coenzyme more effectively to the enzyme
11
surface they would not be expected to affect the stability of 
the tetrahydropteridine moiety if, as seems probable, the 
tetrahydro derivatives of these compounds are active coenzymes 
in these cells,
5. Mechanisms of action of tetrahydroPGA.
The mechanism by which formaldehyde combines enzymically
with glycine, with the formation of serine, involves a preliminary
reversible, non-enzymic combination between formaldehyde and 
. .48tetrahydroPGA (I) which proceeds quite rapidly even when the
49concentration of reactants is very low# The work of Blakley 
indicates that the product of this reaction is an equilibrium
5mixture of N -hydroxymethyl-tetrahydropteroylglutamic acid 
(N^-hydroxymethyl-tetrahydroPGA) (Xl) and N^,^-methylene- 
tetrahydropteroylglutamic acid (N^,N^-methylene-tetrahydroPGA) 
(XIl) with the equilibrium very much in favour of the latter.
The single-carbon fragment is then transferred to glycine, 
presumably via the hydroxymethyl group of It*-hydroxyinethyl- 
tetrahydroPGA (2).
12 ,
COO HK
0 0  OH
N ^ ,N ^ -m eth y len e -te trah y  drop t e r  oy lg lu tam ic ac id
V £  1 0
HCHO + tetrahydroPGA x -------  N ,N -m ethylene-tetrahydroPG A  +
H2° (1)
g ly c in e  + N ^ ,^ -m eth y len e -te trah y d ro P G A  s e r in e  +
+ h9o
tetrahydroPGA (2) 
50An enzyme has been found in  l i v e r  e x tra c ts  which c a ta ly se s  
the  dehydrogenation o f N ^,F^-m ethylene-tetrahydroPG A  by TFN to  
N ^ ,N ^-m eth en e -te trah y d ro p te ro y lg lu tam ic  a c id  (N ^,N ^-m ethene- 
tetrahydroPGA or anhydro leucovorin ) (X II I ) .  The re a c tio n  i s  
r e v e r s ib le  and the e q u ilib riu m  c o n stan t i s  about 1*
»#
CO 0  H 
I
?H2
8
C - N H - f H
C O O H
^-m ethene-1e trah y d ro p te ro y lg lu tam ic  a c id
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TPN+ + N^,N^-methylene-tetrahydroPGA “ v TPNH +
N^,N^-methene-tetrahydroPGA+ (3)
The anhydroleucovorin so formed slowly hydrolyses
spontaneously to N^-formyl-tetrahydropteroylglutamic acid
(N^-formyl-tetrahydrcPGA) (XIV) at neutral pH, but an enzyme
51-53(cyclohydrolase) is present in liver extracts ~ and in extracts
54of Clostridium cylindrosporum , which catalyses the reversible 
reaction (4).
(XIV)
N^-formyl-tetrahycLropteroylglutamic acid
-- * N^-formyl-
tetrahydroPGA + HC1 (4)
Ho0 + Cl” + N^N^-methene-tetrahydroPGA
The two reactions, (3) and (4), provide a pathway
connecting N^,N^^-methylene-tetrahydroPGA (“active formaldehyde")
and N^-formyl-tetrahydroPGA ("active formate").
N^-formyl-tetrahydroPGA is formed from formate and
tetrahydroPGA in the presence of ATP by an enzyme tetrahydrofolic
acid formylase, which has been purified about 200-fold from
55Micrococcus aerogenes*" • There is evidence that a phosphorylated
14.
in te rm e d ia te ,  p ro b a t ly  IT -p h o s p h o ry lte tra h y d ro p te ro y lg lu ta m ic
a c id ,  i s  form ed d u r in g  th e  p ro c e s s .  A s im i la r  enzyme from  
56C lo s t r i d ia  has been  shown to  c a ta ly s e  th e  r e v e r s ib l e  r e a c t io n  
(5 ) ,  and  th e  enzyme ap p ea rs  to  be p re s e n t  in  e x t r a c t s  o f  p igeon
RR Rq
l i v e r  ’ ° and p ig  l i v e r 0 .
^ " '-fo rm y l-te tra h y d ro P G A  +TetrahydroFGA + HCOOH + ATP
ADP + P. + Ho0 
1  2 (5)
I t  i s  F ^ -fo rm y l- te tra h y d ro P G A  w hich a c t s  a s  th e  im m ediate
donor o f  C2 o f  p u r in e s .  In  p igeon l i v e r  in o s in i c  a c id  i s
s y n th e s is e d  from  5 -a m in o -4 -im id a z o le c a rb o x a m id e -r ib o tid e  (XV)
and N ^ -fo rm y l-te tra h y d ro P G A . Two enzymes a re  in v o lv e d , and
finb o th  have been  e x te n s iv e ly  p u r i f i e d  . The f i r s t  ( tra n s fo rm y la s e )  
t r a n s f e r s  th e  fo rm yl group from  F ^ -fo rm y l- te tra h y d ro P G A  to  th e  
n it ro g e n  o f  th e  amino group  ( 6 ) .  The second ( in o s in ic a s e )  b r in g s  
abou t th e  c lo su re  o f  th e  p u rin e  r in g  (7 ) .  There i s  ev id en ce  t h a t  
b o th  enzyme r e a c t io n s  a re  r e v e r s ib l e .  The ca rb o n  t r a n s f e r r e d  in
f>
H 2 N " % C—N 
//  \\
* C H
h2 n X N/
-  %
(xv)
5 -a m in o -4 -im id a z o le c a rb o x a m id e -r ib o tid e  (AICAH-51 -P )
L I B R A R Y  V .  
Ütivtnvü'1
15.
this way becomes the C2 of inosinic acid, via the formyl carbon 
of 5-formamido-4-imidazolecarboxamide-ribotide (XVl).
C— N
OH OH
(XVI)
5-f ormamido-4- imidazolecarb oxamide-rib otide 
(PAICAR-5*-P)
AICAR-51-P + N1C-fonnyl-tetrahydroPGA^=i FAICAR-5*-P
+ tetrahydroPGA (6)
FAICAR-51-P ^  - inosine (7)
Another enzyme, which catalyses the transfer of the
formyl group from N5,N^-methene-tetrahydroPGA to the amide
nitrogen of glycinamide-ribotide (XVIl), has been purified
61about 60 times from chicken liver • The carbon atom transferred 
in this way ultimately becomes the C8 of inosinic acid, via the 
formyl carbon of formylglycinamide-ribotide (XVIIl).
16
/ H2- N H
\ NH
ch2- nxh
XL CHO
NH
CHgOPOj
(XVII)
g ly c in a m id e -r ib o tid e
(XVIII)
fo rm y l-g ly c in am id e-rib o tid e
g ly c in a m id e -r ib o tid e  + N ^,N ^-m ethene-tetrahydroPG A
■^i. tetrahydroPGA + fo rm y l-g ly c in am id e -rib o tid e  (8)
N ^-form yl-tetrahydroP G A  is  a lso  formed in  th e  enzymic
breakdown o f p u rin es  and h is t id in e *  During th e  d eg rad a tio n  of
p u rin es  form im inoglycine (XIX) is  fo rm ed ^  and an enzyme
which t r a n s f e r s  th e  formimino group from form im inoglycine to
tetrahydroPGA w ith th e  form ation  o f It* -fo rm im ino-te trahydro-
p te ro y lg lu ta m ic  a c id  (N^-formiminotetrahydroPGA) (XX) has been
dem onstrated  to  be p re se n t in  e x tra c ts  of C lo strid iu m  a c id i - u r i c i
65 66 5and o f C lo strid iu m  cylindrosporum  * • N -form im inotetrahydroPGA
is  a ls o  formed when th e  formimino group i s  enzym ically  t r a n s fe r re d  
from a-N -form am id inoglu taric  a c id  (XXl), a  p roduct of enzymic 
deg rad a tio n  o f  h i s t id in e  in  l i v e r   ^ • Enzymic tran s fo rm a tio n  
o f the N^-formiminotetrahydroPGA to  N ^,lf^-inethene-tetrahydroPG A  
occurs in  l i v e r  and in  e x tr a c ts  of C lo strid iu m  cy lin d ^ o sp o ru m ^ , ^ *
17
N H-CH=NH
I
C
COOH
(XIX)
Formiminoglycine
H
COOH
C-NH-CH
OH CH COOH
N -fo rn tim in o te trah y d ro p te ro y lg lu tam ic  ac id
C O O H
I
H-C-N H-CH=N H
ch2
c h 2
COOH
(xxi)
a^-N-form am idinoglutaric a c id
Formiminoglycine + tetrahydroPGA^-T'". g ly c in e  +
K^-formiminotetrahydroPGA (9)
o-N -form am id inoglu tarate  + tetrahydroPGA
L  - g lu tam ate + N5-fcrm im inotetrahydroPGA (lO )
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Purines and histidine may thus give rise, via reaction (4), to 
N^-formyl-tetrahydroPGA, or, via reaction (3), to 
methylene-tetrahydroPGA.
It is evident from these reactions in which tetrahydroPGA
derivatives play a catalytic role that and are the active
centres of the tetrahydroPGA molecule. Since tetrahydroPGA is
involved in the formation of the methyl group of thymidylate from
the hydroxymethyl group of serine or from formaldehyde it is to
be expected that N^ , N^-methylene-tetrahydroPGA or a closely
related compound is involved in the transfer of the methyl group
or its precursor* Formate could provide the carbon atom for the
methyl group of thymidylate'^ by this same biosynthetic pathway,
via reactions (5), (4) and (3).
6. The substrate for the methylation reaction.
It is of interest to determine at what stage in the
biosynthesis of thymidylic acid the addition of the carbon atom
which becomes the methyl group carbon takes place. While it is
possible that an aliphatic precursor might cyclize to form a
pyrimidine ring with the methyl group already attached at
position 5, there is no evidence that this occurs. Moreover,
14 t 14 \since C from (2- C;-uracildeoxyriboside has been shown to become
0
incorporated into DNA-thymidine , and since uracildeoxyriboside
,14 Nstimulates the incorporation of ( C )-formaldehyde into DNA- 
13thymine , it appears that the substrate for methylation is 
uracildeoxyriboside, or a related compound containing a pyrimidine
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nucleus•
The question which then remains to be considered is whether
this pyrimidine nucleus is methylated while in the form of the
free base, or only after its conversion to a nucleoside, nucleotide,
or more complex derivative* Thymidylic acid migfrt thus be formed
as the direct product of the methylation of uracildeoxyribose-5f-
phosphate, or might arise by synthesis from thymine or thymidine,
by breakdown of a polynucleotide, or by some related mechanism.
There is no evidence to suggest that the incorporation of
labeled carbon from single carbon fragment sources into the methyl
group of DNA-thymine proceeds otherwise than via incorporation
into free thymidylic acid. Since it appears that polynucleotides
68containing uracildeoxyribose are not formed , methylation of
uracildeoxyriboside or a related compound must precede the
polymerisation of nucleotides.
Available evidence indicates that the methylation of uracil
with the formation of thymine does not occur to any significant
extent in the course of thymidylic acid biosynthesis* A single 
69report that the resting cells of Bacillus subtilis were able to
bring about transformation of uracil to thymine has not been
confirmed* Prom early work the concept emerged that free pyrimidine
bases administered to animals were catabolised rather than used 
70-73for synthesis ' . Reports have since appeared which indicate 
that there is a small but definite incorporation of thymine and
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uracil into the pyrimidine components of nucleic acids in certain
rapidly growing tissues, such as preneoplastic or neoplastic
73 75tissues , or the tissues of young mice In the experiments of
15 14Blakley , and of Fhear and Greenberg , very little raethylation
of uracil occurred in mammalian tissue extracts.
Preliminary investigations into the incorporation of
nucleosides into nucleic acids were carried out in experiments
76with whole animals. Reichard investigated the in vivo 
incorporation of isotopically labeled pyrimidine derivatives 
into DNA-thymine of rat liver and intestines in partially 
hepatectomised rats. He showed "that although a small amount of 
uracil was incorporated into DNA-thymine, uridine administered 
in doses above a certain minimum level was incorporated into 
DNA-thymine of rat liver five to ten times more effectively 
than was free uracil. Further, he found that uracildeoxyriboside 
was superior as a substrate to both uracil and uridine, and also 
to 5-methyl-uridine. These results were in accordance with the 
view that uracildeoxyriboside was an intermediate in the 
incorporation of uridine into DNA-thymine and that the 
methylation of uracildeoxyriboside prior to its incorporation 
into DNA-thymine was a preferred biosynthetic pathway as compared 
with the methylation of uridine. Moreover, since the 
incorporation of these nucleosides was greater than the 
incorporation of free base, the transformation of the ribose 
derivative to the deoxyribose derivative could not have involved
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rupture of the glycosidic linkage.
While the results of such experiments on whole animals
are suggestive, they cannot he taken as definitive, because the
quantity of endogenous unlabeled substrate present in the
tissues is in each case unknown and uncontrolled# Experiments
with tissue extra.cts have also indicated that uracildeoxyriboside
is preferred to dihydrouracildeoxyriboside, uridine, and
15dihydrouracil-riboside as the substrate for methylation • No 
reports have appeared giving information on whether dihydrouracil- 
ribose-5*-phosphate or dihydrouracildeoxyribose-5*-phosphate may 
be methylated with the formation of the corresponding thymine 
derivative.
When tissue extracts were found to bring about the formation
of thymidine from uracildeoxyriboside in the presence of ATP, it
became obvious that phosphorylation of uracildeoxyriboside with
the formation of uracildeoxyribose-5*-phosphate might precede
14the methylation reaction • The formation of uracildeoxyribose- 
5*-phosphate, from uracildeoxyriboside, and of thymidylic acid 
from thymidine, could be brought about if enzymes with phosphoiyl- 
transferase activity were present in the extracts. Conversely, 
the formation of uracildeoxyriboside from uracildeoxyribose-5*- 
phosphate, and of thymidine from -thymidylic acid, could be brought 
about if these phosphoryltransferase reactions were reversible, or 
if other enzymes with phosphatase activity were present. Hence 
in order to measure the amount of methylated derivative formed
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from any substrate, it is necessary to know the quantities of
both thymidine and thymidylic acid formed. For similar reasons
it is also desirable to know whether thymidine-51-triphosphate
68is formed from thymidylic acid , and, if so, how much product
of the methylation is present in this form.
While the work reported in this thesis was in progress 
77Humphreys and Greenberg showed that a soluble enzyme system
from rat thymus gland was able to synthesize thymidylic acid and
/14 \thymidine from uracildeoxyribose-5*-phosphate and ( C;-
formaldehyde in the absence of ATP. When uracildeoxyribose was
used as substrate there was no significant synthesis of thymidine
or thymidylic acid in the absence of ATP. If ATP was present,
then uracildeoxyriboside was as effective a substrate for
methylation as uracildeoxyribose-5*-phosphate. These findings
indicated that nucleotide formation occurred prior to methylation.
It was not, however, directly established that the labeled
carbon was incorporated as the methyl group carbon.
78The work of Friedkin and Komberg demonstrated that 
uracildeoxyribose-5*-phosphate and not uracildeoxyriboside was 
the substrate for the methylation reaction in extracts of 
Escherichia coli. These authors measured thymidinetriphosphate 
and, since ATP was required in their enzyme system to convert 
thymidylic acid to thymidinetriphosphate, their results did not 
indicate whether ATP was required for the methylation or not.
The occurrence of 5-methyl-cytosine derivatives in DNA of
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79thymus gland suggests the possibility that thymine derivatives
might be formed biologically by deamination of the corresponding
805-methylcytosine compounds. Reichard has found, for example,
that cytosinedeoxyriboside labeled in both the pyrimidine and
sugar moieties gave rise to DNA-thymine, which was also doubly
labeled. This is equally consistent with deamination prior to
methylation, and the intermediate formation of uracildeoxyriboside,
89which may then be methylated in the usual way. Scarano has
published a preliminary report that extracts obtained from the
eggs of Paracentrotus lividus contain an enzyme which deaminates
5-methylcytosinedeoxyriboside-5’-phosphate with the production
81of thymidylic acid. The work of Cohen indicates that the 
cytosinedeoxyriboside deaminase of Escherichia coli is capable 
of deaminating 5-methylcytosinedeoxyriboside with the production 
of thymidine. Further, 5-methylcytosinedeoxyriboside promotes 
the growth of a thymine requiring strain of Escherichia coli at 
a rate equal to that supported by thymidine« He suggested that 
5-methylcytosinedeoxyriboside might be a normal precursor of
,14 .thymidine in bacteria. The fact that ( C;-uracildeoxyriboside
Q
is a precursor of thymidine of DNA , and not of cytosine-
76 82deoxyriboside of DNA 9 J in several species, shows that this
81mechanism cannot be the only one. Cohen x has postulated pathways
for the formation of thymidylic acid as outlined in Figure 1.
7. The mechanism of formation of the methyl group of thymidylate.
78Friedkin and Komberg have proposed a mechanism which is
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F igure 1« P o s tu la te d  s te p s  in  th e  fo rm ation  of thym ine- 
deoxyriboside  or thym inedeoxyribose-5*-phosphate a f t e r  th e  
h y p o thesis  of Cohen*
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based on a type of chemical reaction previously described for
the reaction between N-hydroxymethyl compounds and ß-diketones
74in which water is split out • This involves the condensation
of uracildeoxyribose-51-phosphate with hydroxymethyltetrahydro-
pteroylglutamic acid in a manner similar to that shown in Figure 2.
They postulate that a reductive cleavage, similar to that
previously described for the formation of acetic acid from glycine,
would yield thymidylic acid and tetrahydroPGA. Following the 
83work of Jaenicke , they considered that if the compound formed
by transfer of the ß-carbon of serine to tetrahydroPGA was
N^-hydroxymethyltetrahydropteroylglutamic acid, the hypothetical
intemediate would be the condensation product of uracildeoxyribose-
5*-phosphate with N^-hydroxymethyltetrahydropteroylglutamic
acid. They pointed out that this hypothetical sequence of
reactions is consistent with the isotopic data of Elwyn and
Sprinson^, which indicates that the hydroxymethyl group of serine,
14doubly labeled with ~C and deuterium, is transferred to the 5
position of thymine of DNA with a minimum of 1.5 atoms of
deuterium per atom of carbon.
The latter evidence is equally consistent with the
formation of a hypothetical intermediate as shown in Figure 2.
49Since values of the dissociation constants suggest that in the 
transfer of the carbon 3 of serine to tetrahydroPGA results in
5the formation of N -methylene-tetrahydroPGA, it seems more 
likely that in such a hypothetical structure, the carbon 5 of
2 6 .
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u r a c i l  would be jo in e d  by a  m ethylene b r id g e  to  N o f  th e  
p te r id in e  ring*  A h y d ro ly t ic  c leav ag e  o f t h i s  compound, g iv in g  
5 -h y d ro x y m e th y lu ra c ild e o x y rib o se -5 ’ -p h o sp h a te  a s  a  f u r t h e r  
in te rm e d ia te ,  i s  a l s o  c o n s i s te n t  w ith  th e  d a ta ,  and w ith  th e  
pathway a s  p o s tu la te d  by Cohen (F ig u re  l ) .
A c lo s e ly  r e l a t e d  mechanism has been p roposed  by Humphreys 
77and G reenberg  , who s tu d ie d  th e  b io s y n th e s is  o f th y m id y lic  a c id
14from u ra c i ld e o x y r ib o s e -5 '-p h o s p h a te  and C -form aldehyde by r a t
thymus g land  hom ogenates» T h e ir  r e s u l t s  ap p ea red  to  i n d i c a te  the  
s y n th e s is  of one m ethyl group f o r  each  m olecule  o f  te trahydroPG A  
s u p p lie d  when th e  l a t t e r  was p re s e n t  in  l im i t in g  am ounts. On 
th e se  grounds th e y  p o s tu la te d  th a t  tetrahydroPG A  s e rv e s  as  th e  
r e d u c ta n t  in  th e  fo rm a tio n  o f th e  m ethyl group from  th e  hydroxy­
m ethyl g roup , and th a t  i t  i s  a t  th e  same tim e o x id ise d  to  
dihydroPGA. I t  sh o u ld  be n o te d  however t h a t  th e  a u th o rs  do n o t 
p re s e n t  ev idence  t h a t  te trahydroPG A  was co m p le te ly  s t a b l e  u n d e r 
th e  e x p e rim en ta l c o n d i t io n s .  I f  any d e s t r u c t io n  o f te trahydroPG A  
o c c u rre d , th e n  more th an  one m ethyl group must have been 
s y n th e s is e d  p e r  m olecule o f  i n t a c t  te trahydroPG A .
Humphreys and G reenberg  a l s o  r e p o r te d  t h a t  in  th e  p re se n c e  
o f  low le v e ls  of te trahydroPG A , th e  a d d i t io n  o f  DPNH in c re a s e d  
th e  m ethyl group s y n th e s is .  Presum ably th i s  was due to  r e d u c t io n  
o f dihydroPGA to  tetrahydroPG A  by a d ih y d ro fo l ic  a c id  re d u c ta s e  
u t i l i s i n g  DPNH. N e v e rth e le ss  i t  i s  p o s s ib le  t h a t  even when no 
DPNH was added , c a t a l y t i c  amounts o f  f i rm ly  bound DPNH may s t i l l
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F igure 2» P o ss ib le  mechanism of th e  type proposed “by F ried k in  
and Kornberg f o r  th e  conversion  of u ra c i ld e o x y r ib o se -ö ’-phosphate  
to  thym inedeoxyribose-5*-phosphate* >^^>u7n
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have been a v a i la b le ,  and th e  fu n c tio n  of th e  tetrahydroPGA may 
have been to  re g e n e ra te  th e  DPNH as i t  became o x id ised .
These au th o rs  p o in t out th a t  i t  i s  e a s ie r  to  v is u a l i s e  lo s s  
of hydrogens w ith  fo rm ation  of a double bond between p o s it io n s  5 
and 6 o f th e  p te r id in e  r in g  i f  th e  formaldehyde m oiety i s  a lread y  
bound to  p o s i t io n  5.
84A b r i e f  r e p o r t  by F ried k in  supports  th e  su g g es tio n  th a t  
tetrahydroPGA may a c t  as the  re d u c ta n t in  the  form ation  o f the  
methyl group of th y m id y lic  acid* PGA was reduced to  t r i t iu m -  
la b e le d  tetrahydroPGA w ith sodium ( H )-borohydride c o n ta in in g
g
23*8 x 10 dpm p e r  patom o f hydrogen* In th e  presence of an 
enzyme from E sch erich ia  c o l i ,  which had been p u r if ie d  by v e r t i c a l  
column e le c tro p h o re s is ,  thym idylic a c id  was is o la te d  and found
g
to  have a t r i t iu m  co n ten t of 4*32 x 10 dpm p e r  pinole of
g
thym idylate  and 4*3 x 10 dpm p e r pmole o f the thymine m oiety 
of th y m id y la te . The t r i t iu m  co n ten t o f the  w ater in  the  
in cu b a tio n  m ixture was 1000 fo ld  lower (2 .1  x 10 dpm p er 
patom of hydrogen). I t  may be seen th a t acco rd in g  to  th e se  
r e s u l t s  le s s  than  0*2 patoms of hydrogen were in tro d u ced  from 
the tr i t iu m - la b e le d  tetrahydroPGA in to  each pinole o f thym idy la te  
sy n th e s ise d . F ried k in  considered  th a t  th is  might be due in  p a r t  
to  s e le c t io n  between t r i t iu m  and protium , a phenomenon p re v io u s ly  
re p o r te d . The r e s u l t s  can, however, be ex p la in ed  in  o th e r  ways, 
e .g .  by p a r t ic ip a t io n  o f  an o x id a tio n -re d u c tio n  c a ta ly s t  whose 
hydrogen i s  p a r t i a l l y  l a b i l i s e d  in  th e  re a c t io n , such as a
29
sulphydryl compound*
Friedkin concluded that these results support the belief 
that tetrahydroPGA serves not only as a one-carbon carrier in 
the enzymic transfer of a hydroxymethyl group to uracildeoxyribose- 
5*-phosphate, but also as a direct hydrogen donor for reduction 
of the one-carbon fragment to a methyl group. He pointed out 
that these results were consistent with the formation of a 
hypothetical intermediate, similar to that postulated by Friedkin 
and Komberg, in which uraci 1 deoxyribose-5*-phosphate is bound by
5a methylene bridge to N of tetrahydroPGA. DihydroPGA and
thymidylic acid could then result from this by some mechanism of
intramolecular rearrangement.
85Recently, Friedkin has shown that all the tritium in the
tritiated thymine of thymidylic acid, formed by the enzymic
reaction between deoxyuridine, formaldehyde, and tritiated
3tetrahydroPGA, is contained in the methyl group. The H-thymine
was mixed with (2-^C)thymine and the mixture converted to
865-methylbarbituric acid by the action of thymine oxidase • In 
this conversion any tritium attached at position 6 of the thymine 
would be lost. Since the ratio of to in the thymine
3 14coincided with the ratio of H to C in the 5-methylbarbiturio 
acid, it was concluded that all of the tritium was localised in 
the methyl group.
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8* Thymidylate biosynthesis and cell metabolism«
68The work of Kornberg and his collaborators on the 
formation of DNA at the level of enzyme preparations is of the 
greatest interest. These workers have prepared a partially 
purified protein fraction from extracts of Escherichia ccii 
which brings about the polymerisation of deoxyribonucleotide- 
triphosphates of thymine, cytosine, guanine and adenine, provided 
all four are present. Other fractionated enzyme extracts of 
Escherichia coli have been shown to convert thymidine by successive 
steps to thymidine-51-phosphate, thymidine triphosphate and also 
to an acid insoluble nucleic acid fraction.
Somewhat similar studies on a high-speed supernatant
fraction of rat liver have been reported by Ikntsavinos and 
8 7Canellakis • This crude fraction contains enzymes which catalyse 
the phosphoiylation of the deoxyribonucleoside-51-monophosphates 
of adenine, cytosine, guanine, 5-methyl-cytosine and thymidine 
to the corresponding di- and tri-phosphates, as well as enzymes 
which catalyse the incorporation of deoxyribonucleotides into DNA.
Since the methylation of uracildeoxyribose-5’-phosphate 
appears to be the last step in the biosynthesis of thymidylic 
acid, it would act as a rate controlling step not only for the 
formation of thymidylic acid, but also for the subsequent formation 
of thymidine-triphosphate, and in turn for the formation of 
deoxyribonucleic acid. In this way the enzymic methylation of 
uracildeoxyribose-51-phosphate appears to be a potential step
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f o r  th e  c o n tro l of c e l l  grow th. I t  is  thought th a t  c e r ta in  
growth in h ib i to r s ,  such as 5 - f lu o ro u ra c i l  (XXII), 5 - f lu o ro u ra c i l -  
deoxyriboside  (X X IIl), and 5 -flu o ro u rac ild eo x y rib o se -5 * -p h o sp h a te  
(XXIV), which a re  of i n t e r e s t  in  the chemotherapy of c an ce r, a c t  
a t  th i s  le v e l  by in h ib i t in g  the  m ethy la tion  of u ra c ild e o x y r ib o se -  
51-phosphate06.
0n
h-n^ V f
I I 
o^VCH
H
(XXII)
5 - f lu o ro u ra c i l
0
ii
H-N^C'~C-F H-N/C v C-F
(XXIII) (XXIV)
5 -f lu o ro u ra c ild e o x y rib  oside  5 -f lu o ro u ra c ild e o x y r ib o se -
5’-phosphate
9 . Purpose o f the p re sen t in v e s t ig a t io n .
This th e s i s  embodies a  re p o r t  o f work undertaken  w ith  the
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following aims in view:
(1) To develop a convenient system for the assay of the 
methylation of uracildeoxyriboside and uracildeoxyribose-5*- 
phosphate.
(2) To establish whether uracildeoxyriboside or uracil- 
deoxyribose-51-phosphate is the substrate for the methylation 
reaction in the enzymic biosynthesis of thymidylic acid in calf 
thymus extracts.
(3) To investigate optimal conditions for thymidylate 
synthesis from uracildeoxyriboside or uracildeoxyribose-5*- 
phosphate with a view to purification of the enzyme or enzymes 
bringing about the methylation step.
(4) To investigate the nature of the reductant involved 
in the reduction of the hydroxymethyl group of serine to the 
methyl group of thymidylic acid, with a view to elucidating the 
mechanism of the reaction.
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C H A P T E R  II 
THE MEASUREMENT OF THYMIDINE AND 
THYMIDYLATE BICSYNTHESIS
Introduction
Techniques which have been used to study the biosynthesis 
of thymine or thymine derivatives have been based on the use of 
spectrophotometric or fluorimetric measurement or of isotope- 
labeled substrates. Although photometric methods have the 
advantage of simplicity, they are neither as sensitive nor as 
specific as methods involving the use of radioactive substrates. 
For example, in the study of thymidylate biosynthesis a simple 
spectrophotometric assay is precluded because the changes brought 
about in the ultraviolet spectrum by the addition of a methyl 
group to uracildeoxyribotide are not sufficiently marked to 
enable a reliable measurement of synthesis to be made, especially 
if this synthesis is small. Moreover, the shift in the 
absorption maximum from 262 mp to 267 mp which occurs is masked 
by the spectra of the necessary co-factors which are present in
relatively high concentration.
69Rege and Sreenivasan used a colorimetric test adapted
90from the method of Woodhouse to measure the quantity of thymine 
produced by resting cells of Bacillus subtilis. The method was 
based upon the formation of a red colour when the reaction 
product of thymine with diazotised sulphanilic acid is reduced 
by hydroxylamine. VToodhouse recommends that this method be
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used to  measure the c o n c e n tra tio n  of thymine in  2 ml. samples
c o n ta in in g  between 4 and 160 jimoles. In an a ttem pt to  modify
91a  s im ila r  c o lo r im e tr ic  a ssay  , Roberts found th a t  th e  t e s t  was
92u n s a t is fa c to ry  fo r  thym idine • Moreover, cy to sin e  and u r a c i l  
in te r f e r e d ,  and th e  s e n s i t i v i t y  was no g re a te r  than  th a t  o f a 
t e s t  based on the  u l t r a v io l e t  spectrum  of thym ine. No a ttem pt 
was made to  adapt a c o lo r im e tr ic  t e s t  o f th e  type in v e s t ig a te d  
by R oberts to  th e  measurement of thym idine o r thym idylate  
b io s y n th e s is . Although i t  would be p o s s ib le  to  hydro lyse  
thym idine and thym idy la te  to  thym ine, and i s o la te  the  thymine 
formed by paper chrom atography, such a procedure would be very  
tim e-consum ing, and would not be ju s t i f ie d ,  in  view  of the poor 
s e n s i t i v i t y  and s p e c i f i c i ty  of th e  method.
A f lu o r im e tr ic  assay  based on th e  coup ling  o f a c e to l 
de riv ed  from thymine or thymine d e r iv a t iv e s  w ith  o-aminobenz- 
aldehyde was developed by Roberts and F ried k in 93. These workers 
found th a t  low le v e ls  of thymine d e r iv a tiv e s  (6 mpmoles) could  
be d e te c te d , b u t 5 -m ethy lcy tosine  gave approxim ately  the same 
degree o f flu o rescen ce  as thymine d e r iv a t iv e s .  While the 
f lu o re sc en c e  ob ta ined  w ith  u r a c i l  d e r iv a tiv e s  was r e l a t i v e ly  
very  low, the p resence of u r a c i l  d e r iv a tiv e s  in  la rg e  amounts 
re s u l te d  in  c o n sid e rab le  in te r fe re n c e .  The t e s t  is  a ls o  su b je c t 
to  th e  d i f f i c u l t i e s  of f lu o r im e tr ic  methods in  g e n e ra l, e .g .  
quenching o f flu o resc en c e  may be brought about by many compounds, 
and th i s  i s  d i f f i c u l t  to  c o n tro l .  D i f f ic u l t i e s  a re  a ls o
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encountered if traces of other fluorescent substances, e.g.
pteroylglutamate derivatives, are present. While it might
be possible to develop methods whereby thymidine or thymidylate,
or thymine derived from them, could be isolated free from
fluorescent substances, and from compounds bringing about
quenching, the resulting gain in accuracy would be offset by
the considerable increase in time and labour required. Moreover,
although the sensitivity of the test is good, the specificity is
poor. For these reasons no attempt was made to make use of a
fluorimetric assay to measure the biosynthesis of thymidine and
thymidylate. It seems significant that the fluorimetric assay
was not employed by Roberts in his study of the methylation of
92uracildeoxyriboside •
Most workers studying the formation of thymine or its
derivatives from uracil or uracil derivatives have made use of
radioactive isotopes in order to obtain more specific information
than can be obtained by photometric methods. The manner in which
the labeled carbon of L-(3-^C)serine, for example, may be
incorporated into the methyl group of thymine derivatives has been
discussed in the previous chapter. When L-(3-^4C)serine is the
only available precursor of this methyl group carbon, the amount
of synthesis of (Me-^C)thymine derivatives is a measure of the
amount of synthesis of those derivatives which has occurred. The 
14total C incorporation from serine into thymidine or thymidylate 
will only be a measure of methyl group formation if there is no
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14incidental incorporation of C into the pyrimidine ring or
14 77 78into the deoxyribose moiety* Some investigators ’ ’ have
14 /14 \ / 14 \assumed that C incorporated from ( C)formaldehyde or (3- CJ-
serine into thymine is located exclusively in the methyl group,
and it is true that under the conditions of the experiments of
9 14Elwyn and Sprinson^ no C was found to be incorporated into the
pyrimidine ring* Nevertheless it is desirable to measure the 
14C specifically incorporated into the methyl group of thymine
derivatives when the methylation of uracil derivatives from
labeled single carbon fragment precursors is being studied. When
(2-^C)uracil derivatives are used as precursors of labeled thymine
derivatives, the specific activity of those derivatives will be
directly proportional to the amount synthesised only if there is no
exchange between the carbon 2 of the pyrimidine ring and the
methyl group carbon. It is therefore desirable in this case to
show that no activity is located in the methyl group.
Methods involving the use of radioactive isotopes may be
based either on the quantitative measurement of the total radio-
78activity incorporated into the products of the reaction , or
14 1 77on the use of a dilution technique ’ • The first of these
procedures depends for its accuracy on quantitative recovery of 
the products. If the total quantity of products synthesised is 
small, then small errors may result in a significant loss of 
accuracy. The second procedure, the dilution technique, involves 
the addition of a known, relatively large amount of unlabeled
37.
carrier of the same molecular species as the labeled product 
of the reaction, the isolation of a portion of the diluted 
labeled product and the measurement of its specific activity.
Since this technique has the advantage of not requiring 
quantitative recovery of the product from reaction mixtures, it 
permits greater accuracy of measurement. It is also possible 
to calculate the total synthesis of the thymine derivatives 
concerned.
Thymine derivatives in reaction mixtures may be hydrolysed
to thymine, which then provides a measure of the total thymine plus
14 94thymine derivatives originally present in the reaction mixtures ’
The total thymidine plus thymidylate may be measured as thymidine
if thymidylate is first hydrolysed to thymidine by phosphomono- 
14 78esterase * • Thymidinetriphosphate may be transformed to
78thymidylate by acid hydrolysis , and measured with the thymidylate. 
Such hydrolysis procedures add considerably, however, to the time 
and labour involved in the measurement of ihe biosynthesis of 
thymine derivatives.
The sensitivity of any method based on the measurement of
,14 xthe incorporation of labeled isotope from a ( C J-labeled substrate 
into thymine, thymidine, or thymidylate is good. The accuracy and 
specificity of such a method, however, depends on the efficiency 
with which the derivative counted is purified* Thymine or thymine 
derivatives, either originally present in reaction mixtures or 
formed by any of the above procedures, have then been isolated
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14 1R 77 7Rmost commonly by paper chromatography ’ * ’ . A butanol:
ammonia:water solvent system has been used in the isolation
of thymine or thymidine, and an isopropanol:HC1:water solvent
system in the isolation of thymidylate, although the latter is
not effectively separated from uracildeoxyribotide by this
means* Ion-exchange resins have at times been used as
alternatives to paper chromatography. Thus, thymidine has been
isolated by chromatography on Dowex-2 resin (OlT form)92, and
nucleotides have been separated on Dowex-1 (chloride form)
78columns . Nucleotides have also been isolated by adsorption 
78of charcoal • While in general the amount of labour involved 
in the use of ion-exchange resins is approximately the same as 
that required for paper chromatography, the latter is more time- 
consuming*
An enzymic method was used in conjunction with degradation
7ftand chromatographic methods by Friedkin and Komberg in the 
separation of thymidylate from reaction mixtures* These workers
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measured thymidylate synthesis from ( P)uracildeoxyribotide.
They made use of the fact that thymidylate is rapidly converted 
to thymidinetriphosphate by thymidylate kinase, and since this 
enzyme does not catalyse the formation of uracildeoxyriboside- 
triphosphate from uracildeoxyribotide, the quantity of (32P)- 
thymidinetriphosphate formed provided a measure of the methylation 
of ( P)uracildeoxyribotide. The quantity of (14C)thymidine­
triphosphate (measured after degradation to (14C)thymidine)
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formed from (2-^4C)uracildeoxyribotide by the same procedure
32provided a check on the study with ( P)uracildeoxyribotide as 
substrate. The method depends on the complete enzymic conversion 
of thymidylate to thymidinetriphosphate. Using ( P)uracil- 
deoxyribotide it also depends on the complete enzymic hydrolysis 
of other nucleotides, the complete adsorption of thymidine- 
triphosphate on charcoal and the counting of the adsorbed 
nucleotide quantitatively. Using (2-^C )uracildeoxyribotide it 
depends on complete recovery of thymidinetriphosphate on Dowex-1, 
complete conversion to thymidine, complete separation of thymidine 
and its recovery by paper chromatography and quantitative counting. 
Since the method is accurate and specific only in so far as these 
somewhat difficult conditions are complied with, and since, in 
addition, it requires a good deal of time and labour, particularly 
in the preparation of specific enzymes, it was not adopted.
In this chapter methods and techniques will be described
which were adopted in order to develop a sensitive method for the
assay of the methylation of uracildeoxyribotide and uracildeoxy-
riboside with good accuracy and specificity, without becoming
too laborious or time-consuming. The method described makes use
14of the dilution technique to measure the C incorporated 
specifically into the methyl group of thymine derivatives and is 
based upon the conversion of the methyl group of thymine 
derivatives to iodoform. This degradation is performed in two 
steps, the first involving the conversion of the thymine methyl
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group to  th e  m ethyl g roup  o f  a c e t o l ,  and th e  second in v o lv in g  
th e  t r a n s fo rm a tio n  o f th e  a c e to l  m ethyl group to  iodofo rm .
S in ce  methods o f i s o l a t i o n  of thym id ine and th y m id y la te  
by p a p e r ch rom atography , a l th o u g h  s a t i s f a c t o r y ,  a r e  tim e consum ing, 
an  i n v e s t ig a t io n  was u n d e rta k e n  i n  o rd e r  to  d is c o v e r  w hether a  
q u ic k e r  r o u t in e  method o f i s o l a t i o n  u s in g  ion -ex ch an g e  r e s in s  was 
f e a s i b l e .  An acco u n t o f t h i s  in v e s t ig a t io n ,  to g e th e r  w ith  th e  
p ro ced u re s  f i n a l l y  a d o p te d , w i l l  be g iv e n . T echniques in v o lv in g  
th e  use o f a l t e r n a t i v e  p ro c e d u re s  fo r  th e  m easurem ent o f r a d io ­
a c t i v i t y  by end-window c o u n te r  and l iq u id  s c i n t i l l a t i o n  sp e c tro m e te r  
w i l l  be d e s c r ib e d .
MATERIALS
Thym idine, c a lc iu m  th y m id y la te  and ammonium th y m id y la te  
were o b ta in e d  from  th e  C a l i f o r n ia  Foundation  f o r  B iochem ical 
R esearch , Los A ng eles , C a l i f o r n ia .  Iodoform  and to lu e n e  were 
s u p p lie d  by B r i t i s h  Drug H ouses, P oo le , E ngland .
2 , 5 -D ip h en y lo x azo le  (PPO) was su p p lie d  by the P ackard  
In s tru m en t Company, I n c . ,  La G range, I l l i n o i s .  The 1 , 4- b i3 -  
2 (5 -p h e n y lo x a z o ly l)-b e n z e n e  (POFQP) was o b ta in e d  from  T ra c e r la b  
I n c , ,  Richmond, C a l i f o r n ia .
( l f 3 -^ 4C )acetone and (^ 4C)parafo rm aldehyde  were o b ta in e d  
from  th e  R adiochem ical C e n tre , Amersham, E ngland.
Dowex-1 X8, 100-200 mesh ( c h lo r id e  form) r e s i n ,  Dowex-2 
X I0, 200-400 mesh ( c h lo r id e  form ) and Dowex-50 X4, 20C-400 mesh 
(E+ form ) r e s i n  were o b ta in e d  from  th e  Dow Chem ical Company,
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Midland, Michigan. Before use, resins were washed five times 
with 5 N HC1, and then with water on a Buchner funnel until free 
of acid.
Preparation of calcium free solutions of thymidylic acid. Calcium 
was removed from calcium thymidylate by dissolving the latter in an 
equivalent amount of formic acid, and passing the solution 
through a column of Dowex-50 resin (H+ form). A quantity of 
resin, such that the total capacity of the resin in terms of 
milliequivalents was five times in excess of the number of 
milliequivalents of thymidylate treated, was used. The resin was 
washed with water until the washings had an extinction at 260 n|J< 
of less than 0.1, and the washings were added to the thymidylic 
acid solution. The formic acid was then removed by freeze-drying 
or by distillation under reduced pressure at or below 70°. As a
i- t-simpler alternative to the above procedure, Ca could be removed 
by shaking the calcium thymidylate with the same quantity of 
resin used above, together with a few ml. of water, and the resin 
removed by centrifuging, leaving a supernatant of thymidylic acid 
solution. The resin was washed as in the former procedure and 
the washings added to the thymidylic acid solution.
Preparation of L-(3-^4C)serine. This was prepared by an 
unpublished method from (^C)paraformaldehyde by Dr. R.L. Blakley 
and this method, together with the methods used by him to measure 
the concentration and specific activity of the L-(3-^C)serine,
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is given in Appendix I.
Preparation of (^4C)iodoform. This was prepared from (1,3-^C)- 
acetone. Approximately 1 ml* of unlabeled acetone was mixed 
with 0*1 millicuries (2*23 mg.) of (l,3-^C)acetone. 0.96 ml. 
of the diluted (l,3-^C)acetone were mixed with 2 ml. of 5 N 
NaOH containing 1 M EDTA. The reaction tube was then placed in 
an ice-bath and 50 ml. of 10$ iodine in 20$ potassium iodide 
were then added, the solution was stirred, and additional 5 N 
NaOH added dropwise until the iodine colour disappeared.
Iodoform commenced to precipitate. Further quantities of the 
10$ iodine in 20$ potassium iodide, followed by 5 N NaOH, were 
added until no further precipitation of iodoform occurred upon 
the addition of either reagent and a clear, colourless super­
natant remained. In all approximately 400 ml. of 10$ iodine 
in 20$ potassium iodide solution, and 20 ml. of 5 N NaOH, were 
used. The precipitate of iodoform was washed twice with 100 ml. 
water and recrystallised from acetone. It was dried over P^O^ 
at room temperature and pressure.
METHODS AND EQUIPMENT 
Solvents for paper chromatography.
Solvent 1. Water saturated with butanol at room temperature, 
which had been shaken with 0*01 vol. of ammonia 
solution (sp.gr. 0.880).
Solvent 2 . Isopropanol-conc. HCl-water (170:39*41).
Spectrophotometric equipment. Ultraviolet absorption spectra
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were recorded  on a Beckman DK2 R atio  R ecording Spectrophotom eter, 
and e x tin c t io n  v a lues a t  a g iven  w avelength were measured on a 
Unicam S pectrophotom eter.
Counting Equipment.
End-window c o u n te r . This co n ta in ed  a G eiger tu b e , type 
EW.3H, m anufactured by the  20 th  Century E le c tro n ic s  L td . ,  S urrey , 
England.
In  o rd e r to  f in d  the  most s u i ta b le  v o lta g e  a t  which to  
o p e ra te  the  tu b e , a s tan d a rd  (^ C )p o ly th en e  d is c  was counted a t  
v o lta g e s  between 500 and 560 v o l t s .  Over th i s  range the  count 
a t  any one v o ltag e  d id  not d i f f e r  from th e  mean o f  th e  s e r ie s  
o f  counts by more than  5fo, and the in c re a se  o f  th e  mean count 
w ith  vo ltag e  was 0 .09^  p e r v o l t .  The m id -po in t o f  t h i s  v o ltag e  
range was chosen as  the  cen tre  o f  t h i s  '’p la te a u ” , and the  G eiger 
tube was op era ted  a t  530 v o l t s .
L iquid  s c i n t i l l a t i o n  sp e c tro m e te r . The T r ic a rb  l iq u id  
s c i n t i l l a t i o n  spec trom eter used was Model 314 su p p lied  by th e  
Packard Instrum ent Company, La Grange, I l l i n o i s .
D isc rim in a to rs  a re  in c o rp o ra te d  in to  th e  in s tru m en t which 
a re  designed to  r e j e c t  spu rious coun ts  n o t d e r iv e d  from b e ta  
p a r t i c l e  em issio n s . The d is c r im in a to rs  a lso  en ab le  only those  
p u lse s  which f a l l  w ith in  a chosen range o f re fe re n c e  v o lta g e s , 
i . e . ,  w ith in  a g iven  "window", to  be coun ted . In  coun ting  
ra d io a c tiv e  samples th e  v o ltag e  a p p lie d  to  th e  p h o to m u ltip lie rs  
was chosen so a s  to  g ive a  maximum number o f  co u n ts , f o r  a
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Standard sample, within a given window. This enabled the
maximum counting efficiency possible for that window to be
attained, and permitted ‘'balance point operation", i.e.,
operation such that small variations in the electronic system
did not cause significant error.
When the window is adjusted so that the sample-rate
squared, divided by the background count, is a maximum, then
statistical uncertainty introduced by the background counts
95is at a minimum. The manufacturers recommend that a window 
of 10 volts to 50 volts enables the measurement of radioactivity 
under these conditions. This recommendation was adopted in all 
counting of samples.
With the window set at 10-50 volts it was found that for 
14the measurement of C in a standard supplied by the manufacturers,
900 volts applied across the photomultipliers usually gave the
maximum number of counts. Occasionally 1000 volts were required
to give the maximum count, and presumably this was due to
variations within the electronic system of the instrument.
14When the C standard supplied by the manufacturers, in 
which the number of disintegrations per minute was known, was 
counted under the above conditions, the instrument was found to 
count with an efficiency of 52$. The efficiency in counting 
actual samples in experiments was probably a little less, since 
sample vials were not flushed with argon as the standard vial 
had been in order to reduce oxygen quenching.
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Simple t e s t  to  check w hether the  l iq u id  s c i n t i l l a t i o n  
spec trom eter was fu n c tio n in g  c o r r e c t ly . The fo llow ing  qu ick , 
sim ple method was used to  a s c e r ta in  whether the l iq u id  
s c i n t i l l a t i o n  spectrom eter was fu n c tio n in g  c o r r e c t ly .  The t e s t  
was used on the assum ption th a t  the p resence of s ig n i f ic a n t  
f a u l t s  in  the  e le c tro n ic  system could be d e te c te d  e i th e r  by a 
la c k  o f s t a t i s t i c a l  coun ting  of a s tan d ard  sample o r  by a  lo s s  
in  coun ting  e f f ic ie n c y .  The t e s t  was perform ed by ta k in g  a 
s e r ie s  of te n  one-m inute counts of th e  r a d io a c t iv i ty  o f a  s tan d a rd  
sample, which was known to  produce 25,100 dpm. For coun ting , 
i f  th e  mean o f th e se  te n  measurements was approxim ately  52$ o f the  
known dpm, the l iq u id  s c i n t i l l a t i o n  sp ec tro m ete r was co n sid ered  
to  be coun ting  w ith  s a t i s f a c to r y  e f f ic ie n c y .
In  exam ining th e  s t a t i s t i c a l  d i s t r ib u t io n  o f  th ese  ten  
measurements, two convenient approxim ations were made. S ince 
the  d i s t r ib u t io n  should be approxim ately  P o isso n ian  the  s tan d a rd  
d e v ia tio n  i s  approx im ate ly  equal to  th e  square ro o t o f the  mean 
o f the  te n  m easurements. F u r th e r , th e  d i s t r ib u t io n  should c lo se ly  
approxim ate a  normal frequency d i s t r ib u t io n ,  and thus th e re  i s  a 
very h igh  p r o b a b i l i ty  t h a t  approx im ately  100$ o f a l l  v a lu es  
measured w il l  l i e  w ith in  * th re e  s tan d a rd  d e v ia tio n s  from th e  mean, 
approxim ately  90$ w il l  l i e  w ith in  t  two s tan d ard  d e v ia tio n s  from 
the  mean, and approxim ately  70$ w il l  l i e  w ith in  * one s tan d a rd  
d e v ia tio n  from the mean. I f  th e  te n  measurements were d is t r ib u te d  
about t h e i r  mean in  such a way a s  to  be com patible w ith  a  normal
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frequency d i s t r ib u t io n ,  o r  i f  the o v e ra l l  d i s t r ib u t io n  o f the 
measurements showed th a t  they approached the mean to  a  b e t t e r  
e x te n t than  would be re q u ire d  by a normal d i s t r ib u t io n ,  the  
l iq u id  s c i n t i l l a t i o n  sp ec tro m ete r was assumed to  be coun ting  
s t a t i s t i c a l l y  and fu n c tio n in g  c o r r e c t ly .
RESULTS
Use o f c a r r i e r .
20 Jimoles o f  u n lab e led  thym idine an d /o r 20 p-moles o f
u n lab e led  thym idylate  were added, each in  0 .2  M s o lu tio n , to
each s o lu tio n  c o n ta in in g  enzym icaliy  sy n th es ized  thymidine o r
th y m id y la te . Im m ediately a f t e r  m ixing, enzymes in  th e  re a c tio n
m ixture were in a c t iv a te d  by h e a tin g  fo r  two m inutes in  a b o il in g
w ater b a th  and any p r e c ip i ta te  removed by c e n tr i f u g a t io n .  Since 
14the  amounts o f C -lab e led  thym idine o r thym idylate  sy n th es ized  
in  the re a c t io n  m ix tures used ra re ly  exceeded 50 nfimoles, th e  
amount o f (^ C )  thym idine o r  (^4C )thym idylate sy n th es ized  i s  
thus n e g lig ib le  compared to  th e  amount o f  the  re s p e c tiv e  c a r r ie r  
added, as re q u ire d  i f  th e  d i lu t io n  techn ique i s  to  g ive a ccu ra te  
r e s u l t s .  20 [Jimoles o f thym idine o r thym idylate  proved ample f o r  
subsequent i s o la t io n  and d eg rad a tio n  to  be perform ed w ithou t 
d i f f i c u l t y .
I s o la t io n  o f thym idine and thym idylic  a c id  
from re a c tio n  m ix tu res by paper chrom atography.
The su p e rn a ta n ts  o f the samples were d r ie d  on Whatman
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No. 3 p ap ers , each sample form ing a s t r e a k  5 inches long . A fte r  
ascend ing  paper chromatography fo r  18 h r .  u s in g  so lv en t 1, the 
p apers  were d r ie d  and the  thym idine and thym idylate  lo c a te d  on 
the  paper by t h e i r  a b so rp tio n  of u l t r a v i o l e t  l i g h t .  Thymidine 
had an R^ o f 0 .5 , and thym idyla te  rem ained on the  base l i n e  w ith 
o th e r  n u c le o t id e s . The a re a s  c o n ta in in g  thym idine o r thym idylate  
were cu t out o f the  paper and the components e lu te d  by descending 
paper chromatography w ith w ater as s o lv e n t . A ll th e  thym idine 
and thym idylate  could be e lu te d  from th e  pap er in  the  f i r s t  1 ml. 
o f e lu a te .  Thym idylate was sep a ra ted  from o th e r  m a te r ia l e lu te d  
from the  base l in e  of the  f i r s t  chromatogram by chromatography 
on Whatman No. 3 paper fo r  24 hours, u s in g  so lv en t 2 . The 
thym idylate  had an R^ . o f 0 .9  in  t h i s  so lv e n t and i t  was lo c a te d  
on the  paper and e lu te d  a s  b e fo re . I t  was found th a t  i f  paper 
chromatography was c a r r ie d  out a t  37° in s te a d  o f a t  room 
tem perature  (about 2 0 °), th e  time re q u ire d  f o r  chromatography 
could be reduced by about o n e - th ird . N e v e rth e le ss , s in ce  th e  
method o f paper chrom atography c a r r ie d  out in  th i s  way was s t i l l  
tim e-consum ing, and since  i t  was hoped th a t  column chromatography 
u s in g  ion-exchange r e s in s  would be q u ic k e r , the  fo llow ing  
in v e s t ig a t io n  on the use o f ion-exchange columns was made.
In v e s t ig a t io n  o f ion-exchange chrom atography fo r  the 
is o la t io n  o f thym idine and thym idy la te  from m ix tures 
c o n ta in in g  L-(3-~^C) s e r in e .
(a) Thymidine. S ep a ra tio n  o f thym idine and L - (3 -^ C ) -
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serine from thymidylate was investigated using a column of 
Howex-2 resin. A solution containing thymidine, thymidylate 
and L-(3-^C) serine in N-ethylmorpholine buffer, pH 7.4, was 
pipetted on to the top of the column. Passage of fluid through 
the column during this and the subsequent procedures was accelerated 
by sufficient air pressure to induce a flow rate through the 
column of approximately 3 ml. per minute.
The column was then washed with water and the effluent 
collected in 1 ml. fractions. Thymidine, which is not retained 
by the resin at neutral or acid pH, was washed through the column 
by water as shown in Figure 3. The number of jimoles recovered in 
each fraction was calculated from the optical density at 267 cop. 
of samples diluted 50 times in 0.01 N HC1, using a molar 
extinction coefficient (e) at 267 41 of 9.55 x 10 at pH 2. It 
can be seen that veiy little thymidine appeared in the first 
fraction, but in the next 10 ml. a total of 19.0 Mmoles of 
thymidine were recovered. Thymidylate could be recovered from 
the column as described below.
L-(3-^C)serine also passed through the column with the 
thymidine. It was essential to remove all serine from the 
thymidine in the effluent and for this purpose the solution was 
passed through a column of Howex-50 resin. In a preliminary 
investigation thymidine in a volume of 6 ml. was pipetted on to 
such a column and the latter washed through with water, the 
eluate being collected in 1 ml. fractions. As shown in Figure 4,
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Figure 3« Effluent obtained, when thymidine washed through a 
Dowex-2 (chloride form, 2 x 1*1 cm*) column with water* The 
solution applied to the column contained 20 pmoles of thymidine, 
20 pmoles of thymidylic acid and 1.1 pmoles (l.O pcuries) of 
L-(3-^C)serine in 1 ml. of 0.05 M N-ethylmorpholine buffer,
pH 7.4.
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13*7 pmoles of thymidine appeared in fractions 3 to 8 inclusive, 
and the remainder of the 20 jimoles appeared in fractions 9 to 12.
The bulk of the thymidine could be recovered in a fairly small 
volume if the solution applied to the column was more concentrated. 
Thus when 20 [imoles of thymidine in 1 ml. were pipetted on to a 
similar column, fractions 3 to 8 inclusive contained 19.4 jJimoles, 
as may be seen from Figure 5. For this reason, the thymidine 
solution obtained after passage through the Dowex-2 column was 
concentrated to a volume of 1 ml. before placing it on the 
Dowex-50 column.
To test the separation of thymidine from (^C)serine, when 
the effluent from the Dowex-2 (chloride form) was passed through 
a Dowex-50 (H* form) column, fractions 2-11 of the effluent from 
the Dowex-2 (chloride form) column were concentrated to a volume 
of 1 ml. and passed through a column of Dowex-50 resin (H+ form), 
the column being washed with water as before and the effluent 
collected in 1 ml. fractions. Fractions 3-9 were pooled and a 
1 ml. sample evaporated on a polythene disc was found to be free 
of radioactive material.
(b) Thymidylic acid. After the Dowex-2 (chloride form) 
column described above had been washed with water to recover 
the thymidine, it was washed with 10 ml. of 0.001 N HC1. The 
optical density at 267 141 of this washing was very low, and it 
was discarded. The thymidylate was then eluted with 0.1 N HC1, 
the eluate being collected in 1 ml. fractions, as shown in Figure 6.
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F igure  4 . E f f lu e n t  o b ta in ed  when thym idine washed th ro u ^ i 
a Dowex-50 (H+ 'form, 4 x 1 .1  cm.) column w ith  w a te r . The 
s o lu t io n  a p p lie d  to  th e  column con ta in ed  20 jimoles o f 
thym idine in  6 m l. o f w a te r .
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Figure 5» Effluent obtained when thymidine washed through 
a column of the same type and dimensions as in Figure 4* 
The solution applied to the column contained 20 p-moles in
1 ml* of water
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Figure 6. Elution of thymidylic acid with 0.1 N HC1 from 
Dowex-2 (chloride form) column. The mixture applied and 
the column were the same as in Figure 4. Fractions were
1 ml. in volume
5 4 .
The number o f  Mmoles in  each f r a c t io n  was determ ined in  a
s im ila r  way to  th e  d e te rm in a tio n s  o f the thym idine as  d esc rib ed
above, u s in g  a m olecu lar e x t in c t io n  c o e f f ic ie n t  (e) a t  267 nil
3
fo r  thym idy lic  a c id  o f  9 .6  x 10 a t  pH 2 . I t  can be seen th a t  
very l i t t l e  th y m id y lic  a c id  appeared  in  th e  f i r s t  two f r a c t io n s ,  
bu t th a t  in  th e  n ex t te n  f r a c t io n s  a  to t a l  o f  13*1 {Xmoles was 
reco v ered . T his recovery  was found to  be s u f f ic ie n t  f o r  
subsequent p ro ced u res . A 1 m l. sample of the  pooled e lu a te  
c o n ta in in g  thym idy la te  ev ap o ra ted  down on a  poly thene d is c  was 
found to  be f r e e  from con tam ination  by ra d io a c tiv e  m a te r ia l .
Method adopted  f o r  the  i s o la t io n  o f thym idine and 
thym idy la te  from re a c t io n  m ix tu res by chromatography 
on ion-exchange r e s i n s .
The procedure f i n a l l y  adop ted  was as fo llo w s:
The su p e rn a ta n ts  o f th e  samples were each p ip e tte d  on to  
a column o f Dowex-2 r e s in  (c h lo r id e  form, 1 .1  x 2 cm .). The 
p r e c ip i ta te  o f den a tu red  p ro te in  was washed once w ith 1 ml. of 
w ater, which was p ip e t te d  on to  the  column a f t e r  the  f i r s t  1 ml. 
had passed below the  su rfa ce  o f th e  column. A f u r th e r  9 ml. of 
w ater were passed  th rough  the  column. The f i r s t  1 ml. o f s o lu tio n  
p a ss in g  th rough the  column was d isc a rd e d . The n ex t 10 ml. were 
c o lle c te d  in  a  15 m l. c e n tr ifu g e  tube and evaporated  to  1 ml. 
in  a  stream  o f a i r  w hile h e a tin g  in  a w ater b a th . The 
co n cen tra ted  s o lu t io n ,  which co n ta in ed  most of the thym idine, 
was th en  p ip e t te d  on to  the  su rfa c e  of a  column o f Dowex-50 r e s in
5 5 .
(H+ form, 1 .1  x 4 cm .). The c e n tr ifu g e  tube was washed once 
w ith  1 ml. o f w ater and the  washings a lso  p ip e t te d  on to  the  
column a f t e r  th e  f i r s t  so lu tio n  had passed below the  su rfa ce  
o f th e  r e s in .  A fte r  th e  washing had en te red  th e  column, the 
r e s in  was washed w ith  a  f u r th e r  10 ml. o f w a te r . The f i r s t  
2 m l. o f  e f f lu e n t  were r e je c te d  and the n ex t 7 m l., which 
co n ta in ed  alm ost a l l  the  thym idine, were c o lle c te d  in  a  15 ml. 
c e n tr ifu g e  tu b e . The nex t 3 m l. o f s o lu tio n  p a ss in g  th rough 
th e  column were c o lle c te d  s e p a ra te ly , and the  o p t ic a l  d e n s ity  
a t  267 n^ i. m easured. I f  th e  o p tic a l  d e n s ity  was 2 o r h ig h e r , 
t h i s  f r a c t io n  was combined w ith  the  p rev io u s  7 ml. f r a c t io n ;  
o therw ise  i t  was d isca rd e d . The thym idine so lu tio n  was 
co n cen tra ted  to  1 m l. by ev ap o ra tin g  i t  in  a  stream  o f  a i r  
w hile h e a tin g  i t  in  a  w a ter b a th .
Thymidylate was s t i l l  r e ta in e d  on the  Dowex-2 column 
through which th e  r e a c t io n  m ixture had passed . Before i t  was 
e lu te d , the column was washed w ith  50 m l. o f  0.001 N HC1 to  remove 
a l l  t r a c e s  o f thym idine and L -(3 -^4C )se r in e . Thym idylic a c id  
was th e n  e lu te d  w ith  10 m l. o f 0 .1  N HC1, and c o lle c te d  in  a  
15 ml. c e n tr ifu g e  tu b e . This 10 ml. was evapo ra ted  to  a  
volume of 1 ml. in  th e  same way as th e  thym idine s o lu t io n .
Conversion of th e  methyl groups of thym idine and 
thym idy la te  to  iodoform .
A s im p lif ie d  method of h y d ro ly sin g  thymine d e r iv a t iv e s  
w ith  the  p ro d u c tio n  o f a c e to l  was adapted from the  method of
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Roberts , and i s  re p re se n te d  in  F igure 7. T his in v o lv es  the 
brom ination  of th e  thymine d e r iv a t iv e  a t  pH 5 o r low er w ith  
th e  form ation  o f the  co rrespond ing  4— hydroxy-•5-bromo-5- 
m e th y lu rac il d e r iv a t iv e  (XIX)# Change o f the  pH to  10 o r 
h ig h e r le ad s  to  th e  p ro d u c tio n  o f th e  4 , 5 -d ihydroxy-5-m ethy l- 
u r a c i l  d e r iv a t iv e  (XX), and the h y d ro ly s is  of th i s  i s  promoted 
by h e a tin g , w ith  th e  p ro d uction  of a c e to l  (XXl), u rea and CO^#
Iodoform is  formed from a c e to l by the  a c t io n  of h y p o io d ite , 
th e  r e a c t io n  p roceed ing  acco rd in g  to  eq u a tio n  ( l l ) .
3 XIO + CHgCOCHgOH---------* CHgOHCOOX + 2 KCH + CHI ( l l )
H ypoiodite may be co n v en ien tly  o b ta in ed  by the  re a c t io n  
of io d in e  w ith a l k a l i ,  acco rd in g  to  eq u a tio n  (1 2 ),
I 2 + OE" ^  \ HIO + i ” (12)
o r by the r e a c t io n  of KI w ith  h y p o c h lo rite  acco rd in g  to  
eq u ation  (1 3 ) .
CIO” + XI ~---- i  10” + KCl (13)
The pH o f the  s o lu tio n s  of thym idine o r of thym idy la te  
were a d ju s te d  to  pH 5 o r lower when necessary#  To each sample 
0*2 ml# o f w ater s a tu ra te d  w ith  bromine was added, th e  s o lu t io n  
was mixed, and the  re a c t io n  allow ed to  proceed  a t  room 
tem peratu re  fo r  one minute# I t  was shown th a t  a b rom ination  
tim e of one m inute was adequate to  a llow  the  re a c t io n  to go to
92
57
0  • a
Thymine II
H N"*C SC-CH
d e r iv a t iv e 1 II 3
| p H  5
(XIX) -  i  H O B r
4-hydroxy-5-brom o-
0  Q rn B r
H n ' C n C -C H ,
5-m ethylura.cil
1 1 3
d e r iv a t iv e o*Csn ^ h
R OH
| p H  1 0
1  O H *
(XX)
0
=
0
/ X
4 , 5-dihydroxy - H N C-CH1 1 3
5 -m e th y iu rac il X
-u"
 \ z / 
- <J1
d e r iv a tiv e H 0 H  p H  10  
J, h . a t
oo2
H z i <r ° - C H 3
0 ^ C' N H ,  OHgOH
Sh
(XXI)
a c e to l
F igure  7. The d eg rad a tio n  o f thymine d e r iv a tiv e s  w ith  the 
p ro d u c tio n  of a c e to l .
ROE = deoxyribose o r d eo x y rib o se-5 ’-p h o sp h a te .
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completion, since the marked associated change in spectrum 
of the thymine derivative was complete in that time. Iodoform 
was obtained from the methyl group of the 4-hydroxy-5-bromo-5- 
methyluracil derivative by either of two alternative procedures, 
(a) First procedure. This method was used exclusively
9at first, and was adapted from the method of Elwyn and Sprinson 
To each sample was added 0.1 ml. of 5 N NaOH containing 1.0 M 
EDTA at room temperature. The solution was brought to pH 1C 
or higher by dropwise addition of 5 N NaOH. Hydrolysis of tfie 
4,5~dihydroxy-5-methyluracil derivative formed was effected by 
heating each sample in a lightly stoppered tube in a boiling 
water bath. Samples derived from thymidine were heated for 3 
minutes, and samples derived from thymidylate were heated for 
1 minute. Increasing the time of hydrolysis in either case or 
carrying out the hydrolysis under nitrogen did not increase the 
yield of iodoform eventually obtained. The tubes were then 
cooled by placing in an ice bath for 5 minutes. If the tubes
4
were not cooled, the yield of iodoform eventually obtained was 
not as great. To each tube was then added 1 ml. of 10$ iodine 
in 20$ potassium iodide, followed by the dropwise addition of 
5 N NaOH until only a pale yellow colour remained. Crystals 
of iodoform, resulting from the thymine derivative, commenced 
to form immediately, and the tube was replaced in an ice bath 
for a further 5 minutes in order to allow the formation of 
iodoform to be completed.
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While tiie above procedure was usually satisfactory, 
occasionally the yield of iodoform was low or zero. It was 
possible that this may have been due to poor recovery of 
thymidine or thymidylate from the reaction mixture, but this 
was not investigated. One disadvantage of the method was that 
the formation of iodoform depended on the dropwise addition of 
NaOH until only a pale yellow colour remained, and this was 
tedious* The second procedure was therefore adopted.
(b) Second procedure. This was adapted from the method 
96of Glass for the preparation of iodoform from acetone. To 
each sample was added 0.6 ml. of 0*2 M EDTA, and 0*35 ml. of 
5 N NaOH. More 5 N NaOH was added if necessary to bring the 
solution to pH 10 or hi^ier. Hydrolysis of the 4,5-dihydroxy- 
5-methyluracil derivative formed was effected by heating each 
sample in a lightly stoppered tube in a boiling water bath, as 
in the first procedure. After cooling in an ice bath for 5 
minutes, 1 ml, of 0.1 M KI, followed by 0.1 ml. of 0.4 M 
calcium hypochlorite, was added to each tube, and the precipitate 
of calcium hydroxide which formed quickly redissolved by 
adequate mixing. Calcium hypochlorite was used because it was 
more easily obtainable than sodium hypochlorite, which would 
have been preferable in order to avoid the formation of the 
precipitate of hydroxide at this stage. Since the precipitate 
could be easily redissolved and did not interfere in the 
separation of iodoform, it did not cause any great difficulty.
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The tube was then replaced in the ice bath for 5 minutes, 
and the precipitate of iodoform which formed was centrifuged 
down at 2000 £  for 1 minute. A further 0.6 ml. of 0.2 M EDTA 
followed by 0.1 ml. of 0.4 M calcium hypochlorite was added 
and, after the initial precipitate was redissolved, a further 
quantity of iodoform precipitated and was spun down with the 
first precipitate of iodoform as before.
Neither method gave a yield of iodoform which was greater 
than 30$ of the theoretical yield. The average yield, using 
either method, was about 1 mg. As has been mentioned above, 
occasionally the yield when the first procedure was used was 
low or zero. When the second procedure was used, occasionally 
yields as little as 0.2 mg. or as great as 2 mg. were obtained.
The suspensions of iodoform formed by either procedure 
were centrifuged for 1 minute at 2000 g at room temperature 
and the supernatant carefully removed with a Pasteur pipette 
and discarded. The iodoform was then washed by resuspending 
in 3 ml. of water and removing the supernatant after centrifuging 
as before. Residual water was carefully removed from the 
pellets of iodoform in the bottom of the tubes by absorption 
into small pieces of filter paper. The precipitate was then 
dissolved in one or two drops of acetone, and reprecipitated 
by the addition of 1 ml. of water. After a further 
centrifugation at 2000 £  for 1 min., the supernatant was 
removed and residual water absorbed as before.
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Measurement of specific activity of iodoform using 
an end-window Geiger-Muller counter.
Each sample of iodoform was dissolved in several drops
of acetone, and the solution was transferred to polythene discs
containing a well 2 sq. cm. in area and 0.2 cm. deep, the
floor of which was covered with a single layer of lens tissue
which promoted the even spreading of the solution. In order
to obtain a layer of iodoform as evenly spread as possible, it
v/as found best to pipette just enough of the acetone solution
of iodoform (about 0.05 ml.) on to the lens tissue to cover it,
and this was allowed to dry before adding more. It was found
that the formation of a brown colour, presumably due to
oxidation of iodoform with the formation of iodine, seldom
occurred if this procedure was carried out in a room at 5°.
The discs were dried at atmospheric pressure over P.-0,. in ac. o
small dessicator for at least 4 hours at 5°.
The discs containing iodoform were counted in the end- 
window counter for as long as was necessary to obtain a 5^ 
level of accuracy, or better. This was approximately that length 
of time required to count 400 counts, although discs were never 
counted for less than 1 minute. Background counts were counted 
for only 10 minutes, and ranged from 10 to 20 cpm. Similarly, 
samples of low radioactivity (40 cpm including background, or 
less) were counted for only 10 minutes. In experiments, such 
low counts represented very low levels of synthesis compared
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with the levels of synthesis in tubes where thymidine or 
thymidylate synthesis was maximal, and while the shorter 
counting time reduces the accuracy of the count, the error 
involved does not contribute significantly to the interpretation 
of results. The considerable amount of time saved in a given 
experiment made -the approximation desirable.
The spectrum of iodoform in toluene, previously measured 
(Figure 8), showed an absorption maximum at 348,5 mp, and, as 
shown in Figure 9, the extinction at 348,5 mp was proportional 
to iodoform concentration for concentrations up to 0,25 mg, per 
ml. Each disc was dropped into 10 ml, of toluene in a tube 
protected from light by a black paper cover, and the tube 
stoppered with a rubber bung covered with a piece of polythene 
sheet before shaking to dissolve the iodoform. The extinction 
of the solution at 348,5 mp was then measured and the quantity 
of iodoform from the disc calculated.
In order to correct for variation in self absorption of 
the iodoform with the weight of the sample, a standard curve was 
prepared using (^C)iodoform. Small quantities of a solution of 
(^C)iodoform in acetone were dried on lens tissue in polythene 
discs in the usual manner to give 0,2 - 6.5 mg, samples for 
counting. The amount of iodoform in each sample was determined 
spectrophotometrically using Figure 9, and the specific activity, 
expressed as counts per min, per mg, of iodoform, was plotted 
against sample weight, giving results of the type shown in
63
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Figure 6, Absorption spectrum of iodoform dissolved in 
toluene. The spectrum of a solution containing 0.1 mg./ml. 
was recorded and the extinction values for a 1 M solution
calculated as shown
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F igure 9 . R e la tio n sh ip  between e x tin c t io n  a t  348.5 r n J J i
and iodoform c o n c e n tra tio n  in  m g./m l. of to lu e n e .
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F ig u re  10 , R e la tio n sh ip  betw een s p e c i f i c  a c t i v i t y  of 
iodoform  and sam ple w eight* (^ C )io d o fo rm  sam ples were 
co un ted  u s in g  an end-window c o u n te r  as  d e sc r ib e d  in  th e
t e x t
6 6 .
F ig u re  10, Here th e  cu rv e  of b e s t  f i t  has been  drawn and 
s p e c i f i c  a c t i v i t i e s  have been  co n v e rted  to  v a lu e s  r e l a t i v e  to  
t h a t  co rre sp o n d in g  to  ze ro  sam ple w e ig h t, which has been 
a r b i t r a r i l y  a s s ig n e d  a  v a lu e  of 1*0, The s p e c i f i c  a c t i v i t i e s  
o f e x p e rim en ta l sam ples o f known w eight were th e n  c o r r e c te d  to  
s p e c i f i c  a c t i v i t i e s  c o rre sp o n d in g  to  ze ro  sam ple w eight u s in g  
th e  curve o f F ig u re  10.
/ 14 xMeasurement o f  th e  s p e c i f i c  a c t i v i t y  o f L - (5 -  C js e r in e  
u s in g  an  end-window c o u n te r .
A sm all volum e o f  s o lu t io n  c o n ta in in g  a  known sm all q u a n t i ty  
o f  L - (3 - J'4C )se r in e  was d r ie d  on le n s  t i s s u e  in  th e  f l o o r  o f the  
w e ll o f  a p o ly th en e  d is c  o f  th e  same d im ensions as th o se  used  f o r  
th e  m easurement o f the  r a d i o a c t i v i t y  o f  iodofo rm . I f  a  s u i t a b le  
q u a n t i ty  o f s e r in e  were u sed  ( f o r  exam ple, 10 mjimoles) th e n  th e  
co u n ts  p e r  m inute p e r  |imole o f  s e r in e  re c o rd e d  by th e  c o u n te r  
c l o s e l y  approx im ated  th e  co u n t a t  ze ro  sam ple w e ig h t.
Measurement o f s p e c i f i c  a c t i v i t y  o f  iodoform  u s in g  a  . 
l i q u id  s c i n t i l l a t i o n  s p e c tro m e te r .
Each sam ple o f  iodoform  was d is s o lv e d  in  a p p ro x im a te ly  6 ml. 
o f  to lu e n e  a t  5 ° , and c e n t r i f u g e d  in  th e  c o ld  a t  2000 f o r  10 
m inu tes in  o rd e r  to  c e n t r i f u g e  down t r a c e s  of w a te r . The tu b es  
w ere th e n  covered w ith  b la c k  p a p e r , and s to p p e re d  w ith  ru b b e r  
bungs p ro te c te d  from  th e  to lu e n e  by s h e e ts  o f p o ly th e n e .
In to  each c o u n tin g  v i a l  were p ip e t te d  8 m l. o f  a  s o lu t io n  
c o n ta in in g  6 gm. o f  PP0 and 150 mg. o f P0P0P p e r  l i t r e  o f to lu e n e .
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The background count of the vials was then determined in the 
Tricarb liquid scintillation spectrometer. Vials which gave a 
background count of over 20 per min. were rejected as being 
contaminated with radioactive material. Under conditions of 
minimum illumination 3.46 g. (i.e. 4 ml.) of the toluene solution 
of each iodoform sample were weighed into a vial containing the 
toluene solution of PPO and P0P0P added as above, and the solution 
mixed. The vials were then counted in the scintillation 
spectrometer and the activity in counts per min. above background 
determined. The duration of a count was governed by the degree 
of accuracy required, and the same principle was followed as has 
been described in the section on the use of the end-window 
counter.
97The work of McDougall has shown 1iiat the addition of 
quantities of iodoform up to 1 mg. to vials containing 12 ml. of 
a solution of PPO (4 gm. per litre) and P0P0P (100 mg* per litre) 
in toluene and a sample of (^C)benzoic acid does not produce 
any significant quenching.
The concentration of iodoform in each sample was determined 
spectrophotometrically using Figure 9, and the quantity and 
specific activity of the iodoform in each vial calculated.
Calculation of quantity of thymidine or thymidylate 
synthesized.
The method of calculating the quantity of thymidine or 
thymidylate synthesized from L-(3-^C)serine is based
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fact that if there is no other source of the product the specific 
activity of the labeled product must be the same as the known 
specific activity of the labeled substrate. Further, if a known 
amount of unlabeled carrier is added to the product,
quantity of undiluted product + carrier
the dilution factor « ... ~ , ,quantity of undiluted product
Since the addition of unlabeled carrier also reduces the specific 
activity of the labeled product by the same factor,
specific activity of undiluted product
the dilution factor specific activity of diluted product ,
quantity of undiluted product + carrier 
quantity of undiluted product
^  quantity of carrier added
quantity of undiluted product
provided that the quantity of product synthesized is small 
compared with the quantity of carrier added. Hence, making use 
of this approximation, the quantity of undiluted product (i.e. 
the amount synthesized)
quantity of carrier 
dilution factor.
In practice, when 20 Mmoles of carrier thymine derivative 
were added, then the amount of thymine derivative synthesized 
20 x Iwas ----—  Mmoles, i represents the specific activity in
cpm/Mmole of the iodoform derived from the methyl group of the
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diluted thymine derivative, and S represents the specific 
activity in cpm/|imole (measured under the same conditions as 
the iodoform) of the L-(3-^4C)serine used as substrate.
Effect of contaminants on the accuracy of the method
Since it was sometimes desirable to measure low levels of 
synthesis with good accuracy, it was necessary to obtain some 
idea of the extent to which contaminating substances could be 
responsible for introducing errors into determinations of low 
levels of synthesis. Significant errors of this sort might 
result from the presence of a radioactive contaminant which 
would cause the synthesis to appear higher than was actually 
the case. It is unlikely that non-radioactive contaminants 
convertible to iodoform would be present in sufficient quantities 
to cause significant dilution of the radioactivity of the iodoform, 
so that the apparent level of synthesis would be lower than the 
true value.
An estimate of the amount of (^C)iodoform arising from 
sources other than (Me-^C)thymidine or (M e -^C)thymidylate 
was obtained by isolating carrier thymidine or thymidylate from 
reaction mixtures in which no synthesis of (Me-^^C)thymidine or 
( M e - )thymidylate was expected to occur (e.g. when either 
uracildeoxyribotide or tetrahydroPGA was omitted, or when the 
enzyme was boiled) and degrading to iodoform.
Typical results are shown in Table 1. All these 
measurements have been made on reaction mixtures from which
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thymine derivatives have been isolated by paper chromatography 
and the iodoform derived from them counted in the liquid 
scintillation counter. The measurements were counted for a 
sufficient length of time to give 10^ accuracy. The error due 
to contamination is quite small and tends to be largest in the 
thymidine samples, the maximum error found in these experiments 
being 2*7 mJJtmoles.
A similar selection of measurements obtained when the 
synthesis of thymine derivatives should be zero is shown in 
Table 2. All these measurements have been made on reaction 
mixtures from which the thymine derivatives have been isolated 
by chromatography on ion-exchange resins and the iodoform 
derived from them has been counted in the end-window counter for 
a sufficient length of time to give 10$ accuracy. It can be 
seen that the contamination is greater by this method, the 
difference probably being due to the method of isolation used.
The contaminant in the reaction mixtures from which UDR5P was 
omitted varied considerably, and seemed to depend to a large 
extent on the presence of active enzyme and to some extent on 
the presence of tetrahydroPGA.
Although the two tables are not strictly comparable in 
that they do not compare replicate reaction mixtures, they do 
show that in these experiments the apparent synthesis obtained 
in a reaction mixture from which uracildeoxyribotide was omitted 
was variable, and sometimes considerably greater when ion-exchange 
resins were used than when paper chromatography was used. It is
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T able 1
A pparent s y n th e s is  o f thym ine d e r iv a t iv e s  o b ta in e d  when s y n th e s is  
shou ld  n o t o ccu r, as m easured by th e  p ro ced u re  in v o lv in g  
i s o l a t i o n  of thym ine d e r iv a t iv e s  by p a p e r  chrom atography and 
l iq u id  s c i n t i l l a t i o n  c o u n tin g .
E xpt.
Hours
in c u b a tio n  
a t  37°
C o n d itio n  p re v e n tin g  
s y n th e s is
A pparen t s y n th e s is
TDR
m)imoles
TDR5P
mjimoles
D u p lic a te s D u p lic a te s
1 0 Enzyme b o ile d 1 .3 ,  2 .1 0 .3 ,  0 .5
2 1 UDR5P o m itte d * 2 .7 ,  1 .5 0 .7 ,  0 .7
6 M 1» * 1 .2 ,  0 .9 0 .7 ,  0 .9
3 6 I t  II 0 .4 ,  0 .2 1 .0 ,  0 .9
4 6 I t  II 0 .4 ,  0 .3 1 .0 ,  0 .7
5 6 UDR5P o m itte d ,
low le v e l  o f
tetrahydroPG A 0 .3 ,  0 .1 1 .4 ,  0 .9
6 6 TetrahydroPGA
o m itte d 0 .3 ,  0 .1 0 .6 ,  0 .6
7 6 TetrahydroPGA
o m itte d 0 .1 ,  0 .2 0 .6 ,  0 .3
R eac tio n  m ix tu res  c o n ta in e d  c a l f  thymus e x t r a c t  which had been
t r e a te d  w ith  p ro tam in e  s u lp h a te ,  and Dowex-1, and d ia ly s e d ,  
and was c a p a b le  o f  s y n th e s iz in g  (Me~^ "C) thym id ine  o r (M e -^ C ) -  
th y m id y la te  when u r a c i ld e o x y r ib o t id e  (lJDR5P), L -(3 -  u ) s e r in e ,  
ATP and tetrahydroPG A  were p r e s e n t .
* R e p lic a te  r e a c t io n  m ix tu re s .
L I B R A R Y -
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Table 2
Apparent synthesis of thymine derivatives obtained when synthesis 
should not occur, as measured by the procedure involving isolation 
of thymine derivatives by ion-exchange chromatography and 
end-window counting.
Expt.
Hours
incubation 
at 37°
Condition preventing 
synthesis
Apparent synthesis
TDR
rajJLmoles
TDR5P
mjimoles
Duplicates Duplicates
1 0 Enzyme boiled 0, 0 0.9, 1.3
2 6 UDR5P omitted 2.3, 5.5 6.5, 2.9
6 TetrahydroPGA
omitted 1.2, 1.4 1.9, 2.8
Reaction mixtures contained calf thymus extract which had been 
treated with protamine sulphate, and Dowex-1, and dialysed, 
and was capable of synthesizing ( M e - )thymidine or (Me-^C)- 
thymidylate when uracildeoxyribotide (UDR5P), L-(3-^4C)serine, 
ATP and tetrahydroPGA were present.
73
thus desirable to use paper chromatography rather than ion-exchange 
chromatography in any experiment where interpretation of results 
can be significantly affected by an error of about 5 mpmoles or 
more in the measurement of the biosynthesis of thymine 
derivatives.
Accuracy of ihe method.
In most experiments, when thymine derivatives were isolated 
on ion-exchange resins, the iodoform from the methyl group was 
counted using an end-window counter. When, later in the work, 
the thymine derivatives were isolated by paper chromatography, 
the iodoform obtained from them was counted using the liquid 
scintillation counter. The most satisfactory way to compare these 
two combined procedures would be to measure a number of samples 
from a single reaction mixture by both methods. In view of the 
fact that paper chromatography was preferable because it 
provided a method of isolation with less ’’apparent synthesis" 
due to contamination, such a comparison has not been made.
However, the reliability of each of the combined procedures has 
been estimated from the agreement between measurements made on 
duplicate reaction mixtures prepared by adding equal quantities 
of an identical enzyme extract and equal quantities of the same 
reactants to each reagent tube, and incubating the mixtures under 
the same conditions for the same length of time. Thus, in theory, 
the quantity of a given thymine derivative formed in each of the
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d u p l ic a te  r e a c t io n  m ix tu res  was th e  same, and th e  r e s u l t s  o f 
d e te rm in a tio n s  made u s in g  th e  same combined i s o l a t i o n  and c o u n tin g  
p ro ced u re  sho u ld  have been th e  same. In  p r a c t i c e ,  r e s u l t s  were 
found to  d i f f e r  by an amount a p p ro x im a te ly  p ro p o r t io n a l  to  th e  
mean o f t h e i r  v a lu e s .  I f  th e  r a t i o  o f th e  d i f f e r e n c e  betw een 
d u p lic a te s  to  t h e i r  mean was c a lc u la te d  f o r  tw en ty  p a i r s  of 
d u p l ic a te  r e s u l t s  o b ta in e d  u s in g  ion -ex ch an g e  chrom atography and 
end-window c o u n tin g , th e n  th e  mean o f  th e se  tw en ty  r a t i o s  was 
found to  be 0 .2 3 . The mean o f tw enty  s im i la r  r a t i o s  c a lc u la te d  
f o r  d u p lic a te s  o b ta in e d  by th e  method of p a p e r  chrom atography 
and l i q u id  s c i n t i l l a t i o n  co u n tin g  was 0 .2 3 , so  t h a t  th i s  mean 
v a lu e  i s  th e  same f o r  each  o f  th e  two p ro c e d u re s .
I t  was n o t p o s s ib le  to  check th e  a c c u ra c y  o f th e  method by 
d e te rm in a tio n s  on s o lu t io n s  to  which known am ounts o f pu re  
(Me-'' ^C)thym ine d e r iv a t iv e s  had been  added b eca u se  th e  l a t t e r  
were n o t a v a i l a b l e .  However an exp erim en t was perform ed  to  
in v e s t ig a te  w hether th e  r e s u l t s  o f  d e te rm in a tio n s  were p r o p o r t io n a l  
to  th e  q u a n t i t i e s  a c t u a l l y  p r e s e n t .  A s in g le  r e a c t io n  m ix tu re  
was d iv id e d  in to  a  number of sam ples of d i f f e r e n t  volume and to  
each 20 jJmoles o f c a r r i e r  thym id ine  and 20 |im oles o f c a r r i e r  
th y m id y la te  were added . (M e-^C  ) thym id ine  and (M e -^ C )-  
th y m id y la te  were d e te rm in ed  in  each and th e  r e s u l t s  p lo t t e d  
a g a in s t  th e  sam ple volume, as  shown in  F ig u re  11.
I t  can be  seen  t h a t  ap p ro x im a te ly  a  l i n e a r  r e l a t i o n s h ip
/14 \e x is te d  betw een th e  sam ple volume and th e  q u a n t i ty  o f ( CJ-
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thymidine determ ined , and between th e  sample volume and th e  
q u an tity  of (^ C jth y m id y la te  determ ined . In th is  experim ent the 
q u a n ti t ie s  o f (Me-^4C)thymine d e r iv a tiv e s  p re sen t in  each sample 
were d i r e c t l y  p ro p o r tio n a l to  th e  sample volume. F igure 11 
th e re fo re  in d ic a te s  th a t  the  r e s u l t s  o f d e te rm in a tio n s  a r e  
d i r e c t ly  p ro p o r tio n a l to  th e  q u a n t i t ie s  a c tu a l ly  p re s e n t, to  
w ith in  a  reaso n ab le  app rox im ation . D eterm inations made by the 
d i lu t io n  techn ique  in vo lve  the  approxim ation th a t  the  t o t a l  
q u a n tity  of d i lu te d  la b e le d  d e r iv a t iv e  p re sen t a f t e r  the a d d itio n  
of c a r r i e r  is  equal to  the  q u a n ti ty  of c a r r i e r  added. When 20 
jimoles of c a r r i e r  a re  added, as in  th e  p re se n t work, the e r r o r  
in tro d u ced  thus w il l  be le s s  than  5fo as long as th e  q u a n ti ty  of 
la b e led  d e r iv a t iv e  is  le s s  than  1 |imole. The q u a n t i t ie s  measured 
in  th i s  experim ent were a l l  le s s  than C .l M-mole, and th e  e r r o r  
due to  th i s  approxim ation  is  th e re fo re  not s ig n i f ic a n t .
DISCUSSION
The method invo lv ing  measurement of ('*'4C)iodoform d e riv e d  
from (Me-^4C)thymine d e r iv a t iv e s  perm its  a more s p e c if ic  
measurement o f methyl group sy n th e s is  than methods in v o lv in g  
coun ting  o f d e r iv a tiv e s  w ith  th e  (M e-^C ) thymine moiety i n t a c t ,  
and i t  i s  f a r  more s p e c if ic  than  c o lo r im e tr ic  o r  f lu o r im e tr ic  
m ethods. The amount o f lab o u r involved  in  i s o la t io n  o f thymine 
d e r iv a t iv e s  by ion-exchange r e s in s  i s  about the  same as th a t  
re q u ire d  fo r  i s o la t io n  by paper chrom atography. The method of 
paper chrom atography i s ,  however, more tim e-consum ing, even though
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F igure 11. P ro p o r t io n a li ty  o f )thym idine and (^ C  )thym idy late  
determ ined to  th e  amount p re s e n t in  the sample. The re a c t io n  
m ixture co n ta in ed  1*1 mM L - (3 -^ C )s e r in e ,  10 mM ATP, 1 mM DPNH,
5 mM BAL, 1 mM tetrahydroPGA, 5 mM u ra c ild e o x y r ib o tid e , 50 mM 
N -ethylm orpholine b u ffe r  a t  pH 7 ,4 , and 10 ml, (116 mg♦ o f 
p ro te in )  of c a l f  thymus e x t r a c t  which had been t r e a te d  w ith 
protam ine s u lp h a te , Dowex-1 r e s in  and d ia ly sed  in  the  manner 
d esc rib ed  in  Chapter II* The volume of the m ixture was 16 ml* 
and i t  was incubated  under n itro g e n  a t  37° fo r  6 hours.
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it was usually possible to run paper chromatograms overnight.
The labour involved in end-window counting is a little less than
that required for liquid scintillation counting, although the
time required is about the same for both procedures.
Since nucleic acid and nucleic acid components have been
removed from calf thymus extracts used for most experiments, as
will be described in Chapter III, it is unlikely that pyrimidines
or pyrimidine derivatives from which (Me-^C)thymine derivatives
could be formed would have been present in the extracts. It does
not, therefore, seem possible that the variable errors due to
"apparent synthesis" can be due to real synthesis. It is possible
that it is due either to contamination of the iodoform with a
radioactive material, or to formation of (^4C)iodoform from
compounds other than ( M e - t h y m i n e  derivatives. The "apparent
synthesis" appears to be in part dependent on the presence of
tetrahydroPGA, Although PGA is known to be largely removed from
Dowex-1 resin (chloride form) columns by 0*05 N HC1, it is also
known that a residual amount is eluted from the column with
99difficulty by 0,1 N HC1 • It seems quite possible on these
grounds that the contamination occurring when ion-exchange resins
5 10were used might have been due to small quantities of N ,N -
14methylenetetrahydroPGA labeled with C in the methylene group, 
or to its decomposition product. The corresponding error when 
paper chromatography was used to isolate thymine derivatives was 
smaller, and it is possible -that a portion of the error concerned
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may be due to  th e  same co n tam in a n t. I t  i s  a l s o  p o s s ib le  t h a t  
(^ 4C )pyruvate  cou ld  be formed from  L -(3 -^ 4C )s e r in e , and th i s  
could  co n tam in a te  th e  thym ine d e r iv a t iv e s  and be co n v e rted  to  
iodoform . The “a p p a re n t sy n th e s is '*  r e s u l t i n g  would no t th e n  be 
dependent on th e  p re se n c e  o f te trahydroPG A .
W hile th e  s e n s i t i v i t y  o f  the method in v o lv in g  d e g ra d a tio n  
o f  thym ine d e r iv a t iv e s  to  iodoform  is  c o n s id e ra b ly  b e t t e r  th a n  
th a t  o f c o lo r im e tr ic  m ethods, i t  is  on ly  a  l i t t l e  b e t t e r  th a n  
th a t  o f the f lu o r im e tr i c  m ethod. The p ro ced u re  in v o lv in g  th e  
use  o f ion -exchange  r e s in s  i s  n o t r e l i a b l e  when low le v e ls  o f 
s y n th e s is  a r e  m easured because  o f th e  v a r ia b le  e r r o r  due to  
"a p p a re n t s y n th e s i s ” . In  th e  ex perim en ts  shown in  T able 2 t h i s  
" a p p a re n t s y n th e s is "  was a s  g r e a t  as  6 .5  mpmoles o f  th y m id y la te  
and 5 .5  mp.moles of th y m id in e . Under th e s e  c o n d itio n s  th e  e r r o r  
w i l l  be i n s i g n i f i c a n t  when h igh  le v e ls  o f s y n th e s is  a r e  m easured. 
However, th e  method in v o lv in g  th e  use o f p ap er chrom atography to  
i s o l a t e  thym ine d e r iv a t iv e s ,  com bined w ith  measurement o f  
r a d i o a c t i v i t y  by l i q u id  s c i n t i l l a t i o n  c o u n tin g , i s  o b v io u s ly  
p r e f e r a b le  when low le v e ls  of s y n th e s is  a r e  to  be m easured . I t  
i s  s t i l l  n e c e ssa ry  to  b e a r  in  mind th a t  even u s in g  th e  l a t t e r  
method an "a p p a re n t s y n th e s is "  of thym id ine as  higfr as 2*7 mjimoles 
and an " a p p a re n t s y n th e s is "  o f th y m id y la te  as h ig h  a s  1 .4  n^Jmoles
have been found
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SUMMARY
Investigations undertaken in order to develop a sensitive
method for the assay of the methylation of uracildeoxyribotide
and uracildeoxyriboside with greater accuracy and specificity
than those previously described have been discussed. The method
14adopted makes use cf the dilution technique to measure the C 
incorporated specifically into the methyl group of thymine 
derivatives and is based upon the conversion of the methyl group 
of thymine derivatives to iodoform. It was found that a routine 
method of isolation of thymine derivatives using ion-exchange 
resins was practicable, but led to less accurate results when low 
levels of synthesis were measured than a method using paper 
chromatography to isolate the thymine derivatives. This lower 
accuracy in the former method was probably caused by radioactive 
contaminants in the thymine derivatives producing a small variable 
"apparent synthesis” of thymine derivatives observable even when 
no synthesis would have been expected.
Techniques involving the use of alternative procedures for 
the measurement of radioactivity by end-window counter and liquid 
scintillation spectrometer have also been described and the
relative merits of both methods discussed
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C H A P T E R  III
THE PREPARATION OF ENZYMICALLY ACTIVE 
EXTRACTS OF CALF THYMUS GLAND
Introduction
Since the ultimate object of the work reported in this
thesis was the purification and investigation of the enzyme or
enzymes concerned in the methylation of uracil derivatives with
the production of thymine derivatives, it was desirable to use
extracts of a tissue available in quantity and with a satisfactory
15enzymic activity. The work of Blakley had demonstrated a 
satisfactory enzymic activity for initial investigations in the 
thymus gland of the rabbit, but since the thymus gland is small 
in all laboratory animals, calf thymus glands have been 
investigated as a possible source of the enzyme system which 
would be available in quantities sufficient for subsequent 
purification studies. Because it was convenient to obtain a 
large number of calf thymus glands at one time, and since 
glands were most conveniently stored as acetone-dried powder, 
the activity of extracts of such powders of the gland was 
investigated.
Methods of removing nucleic acid from the extracts were 
also investigated, since nucleic acid might act as a source of 
free nucleosides or nucleotides which could in turn act as 
substrates in the methylation reaction, or dilute the quantity
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of labeled thymine derivatives formed.
A preliminary study was made of the efficiency with which 
the enzymes could be extracted from the acetone-dried calf 
thymus glands under various conditions.
MATERIALS
Uracildeoxyriboside and cytosinedeoxyribotide were obtained 
from the California Foundation for Biochemical Research, Los 
Angeles, California. Adenosinetriphosphate (ATP) was obtained 
from the Sigma Chemical Company, St. Louis, Missouri. Protamine 
sulphate was supplied by British Drug Houses, Poole, England, and 
2,3-dimercaptopropanol (BAL) was obtained from Bios Laboratories, 
Inc., New York.
Activated charcoal (Norite-A) was obtained from Matheson, 
Coleman and Bell, Cincinnati, Ohio. The charcoal was washed on 
a Buchner funnel with 5 N HC1, and then with distilled water 
until free of acid. It was dried at 60° and stored in air tight 
bottles.
N-ethylmorpholine was obtained from Eastman Organic 
Chemicals, Rochester, New York, and was redistilled under reduced 
pressure in a water bath which was not allowed to attain a 
temperature higher than 70°. The redistilled liquid was stored 
in dark bottles at 5°.
Tris(hydroxymethyl)aminomethane (tris) was obtained from 
Sigma Chemical Co., St. Louis, Missouri, and recrystallised from
ethanol-water
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P re p a ra t io n  o f te trahydroP G A . A 0*1 M s o lu t io n  was p re p a re d  
as  fo llo w s :
20 mg, o f Adam’s c a t a l y s t  (P t0 o ) w ere suspended  in  0 .5  m l. 
w a te r in  a  tu b e  f i t t e d  w ith  a  d e ta c h a b le  s to p c o c k . The tu b e  
was a t ta c h e d  to  a  h y d ro g en a tio n  a p p a ra tu s  and th e  whole a p p a ra tu s  
ev acu a ted  on a  w a te r pump b e fo re  f i l l i n g  w ith  hydrogen a t  
a tm o sp h eric  p r e s s u r e .  The p ro c e ss  was re p e a te d  tw ice  to  remove 
oxygen. The tu b e , s t i l l  a t ta c h e d  to  th e  h y d ro g e n a tio n  a p p a ra tu s ,  
was shaken m e ch an ic a lly  u n t i l  no f u r th e r  u p ta k e  o f hydrogen  by 
th e  c a t a l y s t  o c c u rre d  ( a f t e r  0*5 to  2 h r . )  as  m easured by th e  
f l u i d  le v e l  in  th e  gas b u r e t t e .  B u re t te  re a d in g s  w ere made a f t e r  
b r in g in g  th e  gas in  th e  a p p a ra tu s  to  room te m p e ra tu re  and p r e s s u re .
19 .1  mg. (0*04 mmoles) of PGA d ih y d ra te  (o b ta in e d  from 
B r i t i s h  Drug H ouses, and p u r i f i e d  as  p re v io u s ly  d e s c r ib e d '* '^ )  were 
d is s o lv e d  in  2 .2  m l. o f w a te r and 0 .8  m l. o f 0 .1  N NaHC0r . The
ü
s o lu t io n  was t r a n s f e r r e d  to  the  tube  c o n ta in in g  th e  hyd rogenated  
c a t a l y s t .  The tu b e  which had c o n ta in e d  th e  f o l i c  a c id  was washed 
w ith  a n o th e r  0 .5  m l. o f  w a te r  and th e  w ashings a l s o  added to  th e  
h y d ro g e n a tio n  tu b e . The tube was a t ta c h e d  to  th e  h y d ro g e n a tio n  
a p p a ra tu s ,  th e  whole a p p a ra tu s  ev acu a ted  and f i l l e d  w ith  hydrogen , 
and the  p ro cess  was re p e a te d  tw ic e . The gas was b ro u g h t to  room 
te m p e ra tu re  and p re s s u re  and th e  b u r e t t e  r e a d .  The tu b e  was then  
p ro te c te d  from  l i g h t  by a  b la ck  p ap e r c o v e r and shaken 
m e c h a n ic a lly .
The amount of hydrogen r e q u ir e d  i s  0 .0 8  mmoles, w hich 
co rre sp o n d s  to  1 .792  m l. a t  s ta n d a rd  te m p e ra tu re  and p r e s s u r e .
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When the theoretical uptake of hydrogen had occurred the tube 
was evacuated on the water pump and stored at 5°. After opening 
the tube in order to remove a sample it was filled with hydrogen 
three times and the solution finally stored under reduced pressure 
(20 cm. Hg.) at 5°. Before using the solution it was necessary 
to centrifuge water of condensation down the tube to prevent 
concentration changes. A 0*1 M solution was prepared in a 
similar manner except that 50 mg. of catalyst were used. 
Preparation of uracildeoxyribotide. Uracildeoxyribotide was 
prepared by the nitrous acid deamination of cytosinedeoxyribotide 
by an adaptation of the method of MacNutt^^ for the preparation 
of uracildeoxyriboside from cytosinedeoxyriboside.
Cytosinedeoxyribotide (500 mg.) was dissolved in 3.2 ml. 
water, and 1.1 g. of NaNO^ and 1.1 ml. of glacial acetic acid 
added. The solution was incubated at 24° for 8 hours. A further 
0.29 g. of NaNOg and 0.58 ml. of glacial acetic acid were then 
added, and the solution incubated for a further 12 hours at 24°. 
The solution was then evaporated to dryness by distillation 
under reduced pressure at a temperature not exceeding 70°. The 
sodium uracildeoxyribotide was dissolved in 20 ml. of water and 
again evaporated to dryness in order to remove all traces of 
acetic acid, and then dissolved in 2 ml. of water and passed 
through a column of Dowex-5C resin (H+ form, 3 x 6  cm.). The 
column was washed with several washings from the distillation 
flask and the washing with water continued until the extinction
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( a t  260 mi) o f  th e  e f f lu e n t  was le s s  th a n  0*1. The combined 
e f f lu e n t  was e v a p o ra te d  to  d ryness under reduced  p re s s u re ,  a t  
a  tem p era tu re  n o t exceed ing  70°• The d i s t i l l a t i o n  was c o n tin u e d  
a t  0 .1  mm. Hg. p re s s u re  and 70° f o r  a t  l e a s t  two hours to  remove 
a l l  t r a c e s  o f  a c e t i c  a c id ,  b e fo re  d is s o lv in g  th e  re s id u e  i n  3 ml. 
o f  w a te r  and a d ju s t in g  to  pH 9 .5  w ith  1 .0  N NaOH.
The s o lu t io n  was th en  p ip e t te d  on to  th e  top o f a  column 
o f Howex-l r e s i n  (fo rm a te  form , 1 .5  x 10 c m .) . The d i s t i l l a t i o n  
f la s k  was washed w ith  s e v e ra l  1 .0  m l. p o r t io n s  o f w ater and  the 
w ashings added in  tu r n  t o  th e  colum n. The column was washed w ith  
0 .1 5  M fo rm ic  a c id  u n t i l  no f u r th e r  m a te r ia l  was e lu te d  m ic h  
abso rbed  l i g h t  a t  260 m|i.. The e lu e n t  was th e n  changed to  0 .0 1  M 
form ic a c id  in  0 .0 5  M ammonium fo rm ate  and the  subsequen t e lu t io n  
o f  u ra c i ld e o x y r ib o t id e  co n tin u ed  u n t i l  the  e x t in c t io n  o f the  
e lu a te  a t  260 mji. f e l l  below  0 .2 5 . The combined u ra c i ld e o x y ­
r ib o t id e  e lu a te  (ap p ro x im a te ly  1 l i t r e )  was ev a p o ra te d  to  d ry n ess  
under red u ced  p re s s u re  a t  70°, and  th e  ammonium fo rm ate  
su b se q u e n tly  sub lim ed  o f f  a t  th e  same te m p era tu re  under low 
p re s s u re  (0 .1  mm. H g .) .
As an a l t e r n a t i v e  p ro ced u re  to  low p re s s u re  d i s t i l l a t i o n  
o f t h i s  la rg e  volume o f u r a c i ld e o x y r ib o t id e  s o lu t io n ,  in  th e  
p re p a ra t io n  o f  one b a tc h  th e  d e o x y r ib o tid e  was adso rb ed  on to  
ac id -w ash ed  N o rite -A  c h a rc o a l ,  from which u r a c i ld e o x y r ib o t id e  
was su b se q u e n tly  e lu te d  by s t i r r i n g  o v e rn ig h t in  a  m ix tu re  of 
lVfo is o a myl a lc o h o l in  w a te r . Even w ith  re p e a te d  s t i r r i n g s  w ith
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isoamyl alcohol the recovery of uracildeoxyrihotide was only 70^.
After evaporation of this solution under reduced pressure, the
dried uracildeoxyrihotide was obtained as a viscous oil.
The uracildeoxyrihotide obtained by either procedure was
dissolved in approximately 3*0 ml. of water and adjusted to pH 7.0
with 5 N NaOH. finally the solution was further diluted so that
the concentration of uracildeoxyrihotide was 0*1 M.
Serine transhydroxymethylase was prepared according to the method 
102of Blakley .
The sources of other materials used have been described in 
Chapter II.
METHODS
pH measurements. All pH measurements were made at 20° using a 
glass electrode. The instrument was standardized with a saturated 
solution of sodium borate at pH 9.3, and used to measure the pH 
of a 0.05 M solution of potassium phthalate, which is defined as 
having a pH of 4.0. A calibration curve showing the relation 
between actual and measured values was prepared and all readings 
accordingly adjusted.
Protein estimation. The concentration of protein in calf thymus
extracts was measured colorimetrically by the biuret method of
103Gomall, Bardawill and David v. A standard curve was prepared 
using crystalline bovine serum albumen.
Spectra were recorded on a Beckman DK2 Ratio Recording
8 6 .
S p ec tro p h o to m e te r  and e x t in c t io n  v a lu e s  a t  a g iv e n  w aveleng th  
were m easured on a Unicam S p ec tro p h o to m eter*
B u f f e r s . N -e th y lm o rp h o lin e  s o lu t io n s  o f  th e  r e q u ir e d  m o la r i ty
were a d ju s te d  to  th e  r e q u ire d  pH w ith  HC1* pH m easurem ents o f
th e  r e s u l t i n g  b u f f e r  s o lu t io n s  were made a t  th e  c o n c e n tra t io n s
f i n a l l y  u sed . T r is -m a le a te  and t r i s -H C l b u f f e r s  o f  th e  r e q u ir e d
104pH and m o la r i ty  were p re p a re d  a c c o rd in g  to  th e  d a ta  o f Gomori , 
and p h o sp h a te  b u f f e r s  were p re p a re d  a c c o rd in g  to  th e  method o f  
G reen105.
R a d io a c t iv i ty  was m easured by th e  m ethods d e s c r ib e d  in  C hap ter II*
RESULTS
C a lf  thymus g lan d s w ere p la c e d  in  c iu sh e d  ic e  as  soon a s  
p o s s ib le  a f t e r  the  an im als  w ere s la u g h te r e d .  A f te r  a d e la y  o f 
n o t more th a n  a  few h o u rs , a c e to n e -d r ie d  powders were p re p a re d
1 06from  th e  thymus g la n d s  a c c o rd in g  to  th e  method u sed  by B la k le y  
f o r  r a b b i t  l i v e r ,  and s to r e d  u n d er vacuum in  a  d e s ic c a to r  a t  5 ° . 
Powders k e p t in  t h i s  way w ere found to  r e t a i n  a c t i v i t y  fo r  
s e v e r a l  m onths. G lands w hich had been f ro z e n  a t  -1 5 ° were found 
to  be in a c t iv e .
The a c e to n e -d r ie d  c a l f  thymus was powdered and homogenized 
in  b u f f e r  a t  4° in  a  P o tte r -E lv e h je m  g la s s  hom ogenizer* 15 m l, 
o f b u f f e r  w ere used  p e r  gram o f  powder and  u n le s s  o th e rw ise  s t a t e d  
th e  b u f f e r  was 0*1 M K -e th y lm o rp h o lin e , pH 7*4* The hom ogenate 
was c e n t r i f u g e d  a t  10 ,0 0 0  g- f o r  30 m inu tes a t  5 ° , and th e  
p r e c i p i t a t e  d isca rd e d *  L arge b a tc h e s  o f enzyme e x t r a c t  co u ld  be
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made by homogenizing powder in buffer solution in a Waring 
Blendor, The same proportions of powder to buffer as above 
were used.
The supernatant was dialysed on a rocking dialyser or with 
stirring against 3 litres of 0,01 M N-ethylmorpholine, pH 7,4, 
at 5°, for 18 - 24 hours, the buffer being renewed once during 
this time. The dialysis resulted in a decrease in the concentration 
of material absorbing light at 260 m}JL, as shown in Figure 11a. It 
can be seen that the amount of nucleic acid remaining in the 
preparation, as judged by the extinction at 260 mp, was high, and 
it was found to be variable.
Very little precipitate was obtained when an attempt was 
made to remove nucleic acid with streptomycin. Except in some 
early experiments nucleic acid wss removed by treatment with 
protamine sulphate. The buffer concentration in the extract was 
first brought to 0,05 M by the addition of 1 M N-ethylmorpholine 
buffer, pH 7,4, The extract was then stirred at 0° while 
successive 0,02 volume portions of a 2$ solution of protamine 
sulphate were added dropwise. After addition of each 0,02 volume 
portion, the resulting precipitate was removed by centrifugation 
at 5° for 15 minutes at 5000 £• Removal of nucleic acid was 
assessed from the ultraviolet spectrum of a sample of supernatant 
diluted with 0,05 M N-ethylmorpholine buffer, The reference cells 
also contained 0,05 M N-ethylmorpholine buffer. The successive
addition of 0.02 volume portions of 2^ protamine sulphate was
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F ig u re  11a. U l t r a v io le t  a b s o rp tio n  spec tru m  o f c a l f  thymus 
e x t r a c t  d i l u te d  50 tim es in  0*1 M N -ethy lm orpho line  b u f f e r ,  
showing th e  e f f e c t  o f d i a l y s i s ,  t r e a tm e n t w ith  p ro tam in e  
s u lp h a te ,  and tre a tm e n t w ith  Dowex-1 r e s in  a s  d e s c r ib e d  in  t e x t .
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continued until all the nucleic acid had been removed as judged 
by the loss of the absorption maximum at 260 mil. The removal of 
the nucleic acid absorption peak at 260 uncovered an absorption 
peak at 275 mit which was presumably due to protein (Figure 11a).
The nucleic acid-free extract was stirred mechanically with 
Dowex-1 resin (chloride form, 100 mg. /ml, of extract) at 0° for 
10 minutes to remove protein bound acidic cofactors and any 
residual free nucleotides which might be present. The resin was 
then removed either by centrifugation or by filtering through 
glass wool. The filtrate showed a further slight reduction in 
ultraviolet absorption (Figure 11a).
Preliminary experiments were done to discover whether the 
enzymic activity of extracts of acetone-dried calf thymus glands 
varied when different buffers at pH 7.4 were used to extract the 
powder. In these experiments the thymidine formed from uracil- 
deoxyriboside and L-(3-^C)serine in the presence of ATP was 
measured. It was found that the m|Jmoles of thymidine synthesized 
per mg. of protein were highest when 11-ethylmorpholine buffer was 
used, and extracts made with tris-HCl, phosphate and tris-maleate 
buffers were less active. It was found in similar experiments that 
thymidine formation was maximal when the pH of the N-ethyl- 
morpholine buffer was 7.4, no significant synthesis occurring 
below pH 6.0 or above pH 8*7. These experiments were not verified 
but since extraction with N-ethylmorpholine buffer at pH 7.4 gave 
satisfactory results, it was usually used in subsequent experiments.
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Comparison of specific activities of thymus extract 
before and after treatment with protamine sulphate.
Since a large amount of protein was removed with the 
nucleic acid when extracts were treated with protamine sulphate, 
an experiment was performed to investigate whether there was a 
significant loss of enzyme activity following this treatment.
A dialysed calf thymus extract in 0.05 M N-ethylmorpholine buffer, 
pH 7.4, was separated into two parts, and one portion treated 
with Dowex-1 (chloride form). The second portion was treated 
writh protamine sulphate, and the resulting supernatant also 
treated with Dowex-1 (chloride form). Table 3 presents the 
results of determinations of the specific activities of these 
two extracts in terms of rapmoles of thymine derivatives formed 
per mg. of extract protein.
It can be seen that the specific activity of the extract 
in terms of biosynthesis of thymine derivatives per mg. of 
extract protein was increased by bO/o when the extract was treated 
with protamine sulphate. While the total enzymic synthesis of 
thymidine plus thymidylate remained unchanged, one-third of the 
protein originally present in the extract was removed by the 
protamine sulphate, and a significant purification was thus 
achieved.
These results also show that about one-third of the thymine 
derivatives synthesized were in the nucleotide form, the 
remainder being in the nucleoside form. This indicates that the
91.
Table 3.
Comparison of specific activities of thymus extract 
before and after treatment with protamine sulphate.
Quantity synthesized
Extract TDR
mpmoles
TDR5P
mpmoles
TDR + TDR5P 
mjimoles
TDR + TDR5P njimoles 
per mg. of 
extract protein
Not
protamine
treated 76.e 43.4 120.2 7.2
Protamine
treated 79.5 44.8 124.3 11.1
Each reaction mixture contained 0*66 ml* of calf thymus 
extract* This volume contained 16*7 mg* of protein in the 
sample not treated with protamine, and 11*2 mg. in the treated 
sample. Each reaction mixture contained 0.89 mM L-(3-"4C)serine 
(1*1 Mcuries), 0*7 mg. (57 units) of serine transhydroxymethylase 
protein, 10 mM uracildeoxyribotide, 5 mM BAL, and 1 mM tetrahydro- 
PGA, in a total volume of 1 ml. Reaction mixtures were incubated 
under nitrogen for 6 hours at 37°. Thymine derivatives were 
isolated by chromatography on ion-exchange resins and the 
iodoform derived from them counted in the end-window counter.
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extracts contain enzymes capable of removing phosphate groups, 
since uracildeoxyribotide was supplied as substrate.
DISCUSSION
Acetone powders of calf thymus gland have been shown to
retain a satisfactory enzymic activity for the methylation of
uracildeoxyribotide when prepared according to the method of
Blakley^^. This is in contrast to the results of Phear and 
14Greenberg where acetone powders were found to be completely
inactive. The activity of extracts of acetone-dried calf thymus
gland is of the same order as that of rat thymus, as
77investigated by Humphreys and Greenberg . Thus calf thymus 
acetone powders would seem to be preferable to rat thymus glands 
as sources of enzyme, since they are equally active, and more 
convenient because available in relatively large quantities 
which can be stored without loss of activity for several months.
The purification obtained by treatment with protamine
14sulphate is also in contrast to the report of Phear and Greenberg , 
where the addition of protamine sulphate caused a loss of enzymic 
activity.
SUMMARY
The method used for the preparation of extracts of calf 
thymus gland has been described. Enzymic activity of these 
extracts as shown by the methylation of uracildeoxyribotide 
compares satisfactorily with that obtained by other workers. A
93.
significant purification has been brought about by treating 
extracts with protamine sulphate.
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CHAPTER TV
COMPARISON OF PY R IM ID IN E SUBSTRATES POR THE ENZYMIC 
IviETHYLATION REACTION I P  CALF THYMUS EXTRACTS
In t ro d u c t io n
I t  has been  d em o n stra ted  in  C hap ter I I I  th a t  e x t r a c t s  of 
c a l f  thymus g lan d  in c u b a te d  w ith  s e r in e ,  u r a c i ld e o x y r ib o t id e  
tetrahydroPG A  and ATP, form  b o th  thym id ine  and th y m id y la te . The 
fo rm a tio n  of thym id ine in d ic a te s  t h a t  5 ' - n u c le o t id a s e  a c t i v i t y  
i s  p re s e n t  in  th e  e x tra c ts *  T here i s  n o t ,  how ever, any ev id en ce  
to  in d ic a te  w hether th e  p h o sp h a te  i s  removed from  th y m id y la te  
form ed by m e th y la tio n  o f  u r a c i ld e o x y r ib o t id e ,  or w hether u r a c i l ­
d e o x y r ib o tid e  i s  h y d ro ly sed  to  u r a c i ld e o x y r ib o s id e ,  which i s  
su b se q u e n tly  m e th y la ted  to  form  th y m id in e . Both o f th e se  
pathw ays co u ld  fu n c tio n  i f  th e  enzyme system  c a r r y in g  o u t th e  
m e th y la tio n  r e a c t io n  cou ld  u se  b o th  u r a c i ld e o x y r ib o s id e  and 
u r a c i ld e o x y r ib o t id e  as s u b s t r a t e s .  However, i f  th e  m e th y la tin g  
enzyme system  has a  s p e c i f i c  re q u ire m e n t f o r  u r a c i ld e o x y r ib o s id e  
as  s u b s t r a t e ,  th en  th y m id y la te  form ed in  r e a c t io n  m ix tu re s  must 
a r i s e  by p h o sp h o ry la t io n  o f th y m id in e . On th e  o th e r  hand i f  th e  
m e th y la tin g  enzyme system  has a  s p e c i f i c  req u ire m e n t f o r  u r a c i l ­
d e o x y r ib o t id e , th en  th y m id in e  must be form ed by h y d ro ly s is  o f 
th y m id y la te . Under th e  l a t t e r  c irc u m s ta n c e  i t  is  s t i l l  p o s s ib le  
th a t  r e -p h o s p h o ry la t io n  o f  th y m id in e  w ith  r e g e n e ra t io n  of
th y m id y la te  co u ld  occu r
9 5 .
W hichever o f th e  above mechanisms ta k e s  p la c e ,  th e  amount 
o f  m e th y la tio n  which has o ccu rred  w i l l  be in d ic a te d  by th e  t o t a l  
o f a l l  thym ine d e r iv a t iv e s  form ed. This w i l l  in c lu d e  n o t on ly  
thym idine and th y m id y la te , b u t a l s o  any  more complex d e r iv a t iv e  
such as thym id ine t r ip h o s p h a te .
Any s y n th e s is  o f u ra c i ld e o x y r ib o t id e  from  u ra c i ld e o x y -  
r ib o s id e  o r  o f th y m id y la te  from  thym idine must be d ependen t on 
th e  p resen ce  of ATP, s in c e  th e  l a t t e r  was th e  on ly  p h o sp h o ry l 
donor in  th e  r e a c t io n  m ix tu re s . In  t h i s  way th e  p re se n c e  o f  ATP 
d e te rm in es  what p ro p o r tio n  o f  u r a c i l  o r  thym ine d e r iv a t iv e s  s h a l l  
be in  th e  n u c le o t id e  form .
S in ce  r e a c t io n  m ix tu res  do no t c o n ta in  any added  donor of
am ino-groups, such  as g lu ta m in e , i t  i s  u n l ik e ly  t h a t  5 -m e th y l-
c y to s in e  d e r iv a t iv e s  a r e  in te rm e d ia te s  in  th e  m e th y la tio n
81 89r e a c t io n  b e in g  s tu d ie d .  The work o f Cohen and o f S carano
in d ic a te s  th a t  in  some t i s s u e s ,  how ever, thym ine d e r iv a t iv e s  do
a r i s e  by d eam in a tio n  of 5 -m e th y lc y to s in e  d e r iv a t iv e s .  The
79f in d in g  o f  5 -m e th y lc y to s in e  d e r iv a t iv e s  in  thymus g la n d s  r a i s e s  
th e  q u e s tio n  o f w hether such  a  pathway e x i s t s  i n  e x t r a c t s  o f  c a l f  
thymus g la n d s .
S y n th e s is  of thymine d e r iv a t iv e s  from  c y to s in e  d e r iv a t iv e s  
might o ccu r, how ever, by an  a l t e r n a t i v e  pathw ay in v o lv in g  
d eam in a tio n  o f  c y to s in e  d e r iv a t iv e s  to  u r a c i l  d e r iv a t iv e s ,  w ith  
su b seq u en t m e th y la tio n  o f th e  l a t t e r .
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In this chapter experiments will be described which 
were undertaken to investigate whether uracildeoxyribotide or 
uracildeoxyriboside was the substrate for the methylation 
reaction. The synthesis of thymine derivatives from cytosine 
derivatives was also investigated.
MATERIALS
Materials used were derived from the same sources or 
prepared in the same way as the materials described in 
Chapters II and III.
METHODS
Methods have been described in Chapters II and III.
Reaction mixtures were prepared by the addition of the 
various reagents in the concentrations given in the text, and 
were kept chilled in an ice-bath until incubation at 37° was 
commenced. Incubation was carried out under an atmosphere of 
nitrogen for six hours.
RESULTS
Table 4 shows the results of an experiment performed in
order to study the effect of both ATP and %  on the
methylation of uracildeoxyriboside and uracildeoxyribotide.
It can be seen that the synthesis of thymidine plus thymidyiate
from uracildeoxyribotide is not significantly altered by the
*f+addition of ATP or Mg , or both. However, the synthesis of 
thymidine plus thymidyiate from deoxyriboside in the absence 
of ATP was less than a quarter of that resulting when ATP was
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Table 4
Comparison of uracildeoxyriboside and uracildeoxyribotide 
as substrates for the me thylation reaction
Quantity synthesized
Additions
TDR
mpunoles
TDR5P
mJJ-moles
TDR + TDR5P 
rnjimoles
UDR 7.6 0.6 8.2
UDR, ATP 3.0 35.7 38.7
UDR, Mg++ 9.5 0.2 9.7
UDR, % ++, ATP 16.5 22.9 39.4
UDR5P 42.8 9.7 52.5
UDR5P, ATP 6.1 38.7 44.8
UDR5P, Mg++ 41.7 9.4 51.1
UDR5P, Mg**, ATP 11.5 35.9 47.4
Each reaction mixture contained 9.2 mg. of protein of 
calf thymus extract which had been dialysed and treated with 
Dowex-1 (chloride form) resin, as described in Chapter III, but 
which had not been treated with protamine sulphate. Each 1 ml. 
reaction mixture also contained 1 mM tetrahydroPGA, 1 mM DPUH, 
and 1.2 mM L-(3-" ‘C)serine (1.08 ^curies) per tube. The 
concentration of each of uracildeoxyriboside, uracildeoxy­
ribotide and ATP when added was 10 mM, and the concentration of 
Mg when added was 1 mM. Reaction mixtures were incubated for 
6 hrs. at 37°. Thymine derivatives were isolated by paper 
chromatography and counted in the end-window counter.
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added* The presence of ATP permitted a level of synthesis of
thymidine plus thymidylate which was 75°/o of that obtained from
uracildeoxyribotide in the absence of ATP. Addition of ATP
favoured thymidylate synthesis rather than thymidine synthesis,
++whereas the presence of Nig promoted thymidine synthesis 
rather than thymidylate synthesis.
Table 5 shows the results of two experiments performed 
to verify the tentative conclusions drawn from the above 
experiment. It can be seen that the level of apparent synthesis 
from uracildeoxyriboside in the absence of ATP was of the same 
order as that obtained in other experiments when pyrimidine 
substrate was emitted from reaction mixtures, as has been 
described in Chapter II. Further, almost half of the apparent 
synthesis of thymidine plus thymidylate from uracildeoxyriboside 
in the presence of ATP was probably due to a contaminant, as may 
be seen from the synthesis measured when uracildeoxyriboside was 
omitted and ATP added in 10 mM concentration. Sven in the 
presence of ATP the synthesis of thymidine plus thymidylate from 
uracildeoxyriboside was at most only one third of the amount of 
synthesis obtained from uracildeoxyribotide in the absence of 
ATP, Nevertheless, the addition of ATP resulted in a definite 
synthesis of thymidine plus thymidylate from uracildeoxyriboside, 
over and above the level of ’’apparent synthesis” obtained when 
pyrimidine substrate was omitted. No increase of synthesis of
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Table 5
Comparison of uracildeoxyriboside and uracildeoxyribotide 
as substrates for the methylation reaction
Additions
Quantity synthesized
TDR
mpjnoles
TDR5P
mjimoles
TDR + TDR5P 
mjimoles
Experiment 1. 
UDR 2.1 3.9 6.C
UDR, 1 mM ATP 15.5 13.9 29.4
UDR, 5 mM ATP 4.6 21.4 26.0
UDR, 10 mM ATP 3.1 24.5 27.6
10 mM ATP 4.5 8.0 12,5
UDR5P 23.9 57.4 81.3
Experiment 2, 
UDR5P 43.7 56.5 100.2
UDR5P, 1 mM AT? 41.7 76.4 118.5
UDR5P, 5 mM ATP 16.9 100.5 117,4
UDR5P, 10 mM ATP 13.3 114.0 127.3
The same calf thymus extract m s  used in Experiments 1 and 
2. It was dialysed, and treated with protamine sulphate and 
Dowex-1 (chloride form) resin as described in Chapter III, 6,8 
mg, of extract protein were used for each reaction mixture in 
Experiment 1, and 9,4 mg, of extract protein were used for each 
reaction mixture in Experiment 2* Uracildeoxyribotide and 
uracildeoxyriboside were each 10 mM when present. Reaction 
mixtures also contained 1 mM tetrahydroPC-A, 2.3 mg, (218 unite) 
of serine transhydroxymethylase, 5 mM 2,3-dimercaptopropanol,
50 mM IT-ethylmorpholine buffer, pH 7,4, in a total reaction volume 
of 1 ml. Thymine derivatives were isolated by ion-exchange 
chromatography and iodoform derived from them counted in the end- 
window counter.
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thymidine plus thymidylate from uracildeoxyriboside was obtained 
by increasing the concentration of ATP from 1 mM to 10 mM, An 
increase in the concentration of ATP from 1 mM to 10 mM did,
It was found that samples of uracildeoxyribotide prepared 
by the nitrous acid deamination of cytosinedeoxyribotide as 
described in Chapter III contained an inhibitor of methvlation 
which could be removed by purification on a column of Powex-l 
resin (formate form). An experiment to compare purified uracil- 
decxyribotide with unpurified uracildeoxyribotide as substrate 
is shown in Table 6, It can be seen that there was no significant 
quantity of thymine derivatives formed from the unpurified 
uracildeoxyribotide. The level of synthesis was the same as that 
of "apparent synthesis'* due to contamination as described in 
other experiments.
Fraction I was the material eluted by 0.15 M formic acid 
from the Dowex-1 (formate form) column on which uracildeoxy­
riboside was purified. Formic acid was removed by evaporation 
to dryness under reduced pressure and the residue dissolved in 
a small volume of water. This substance had an ultraviolet 
absorption spectrum with a maximum at 274 mp. at pH 2.
Fraction III was the material eluted by 2.5 M arm
however, result in an increase of about 30a/o in the synthesis of
thymidine plus thymidylate from uracildeoxyribotide.
The presence of an inhibitor in unpurified
samples of uracildeoxyribotide.
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Table 6
Demonstration of the presence of an inhibitor 
in unpurified samples of uracildeoxyribotide.
Additions
Quantity synthesized
TDR
n^moles
TDR5P
mjlmoles
TDR + TDR5P 
npUnoles
UDR5P 2.1 33.3 35.4
Unpurified UDR5P 1.8 0.6 2.4
TJDR5P + fractions 1 and III 1.6 27.7 29.3
UDR5P + 1 mM NaNOg 2.5 32.1 34.6
Each 1 ml. reaction mixture contained 5 mM uracildeoxy- 
ribotide as indicated, 10 mM ATP, 5 mM 2,3-dimercaptopropanol, 
1 mM tetrahydroPGA, 0.88 mM L-(3-14C)serine (1.0 JXcurie),
0*26 mg. (13.2 units) of serine transhydroxymethylase, 50 mM 
N-ethylmorpholine buffer, pH 7.4, and 2.5 mg. of protein of 
calf thymus extract which had been dialysed and treated with 
protamine sulphate and Dowex-1, as described in Chapter III.
Fraction I was added as 0*05 ml. of a solution having an
2extinction at 260 uji of 1.08 x 10".
Fraction III was added as 0.05 ml. of a solution having
2an extinction at 260 npi of 1.27 x 10 '*
Reaction mixtures were incubated for 6 hrs. at 37°. 
(44C)Thymine derivatives were isolated by paper chromatography 
and (44C)iodoform derived from them counted in the liquid 
scintillation counter.
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formate from the Dcwex-1 (formate form) column after elution 
of uracildeoxyribotide with 0*01 M formic acid in 0.05 M 
ammonium formate. After evaporating fraction III to dryness 
ammonium formate was removed by sublimation at 70° under reduced 
pressure (0.05 mm Hg.). The residual material was dissolved in 
a small volume of water, and had an ultraviolet absorption 
spectrum with a maximum at 260 m|J. at pH 2.
It can be seen that neither the addition of fractions I 
and III, nor the addition of sodium nitrite, inhibited the 
methylation of uracildeoxyribotide, and the inhibition must 
therefore have been due to some other product, present in the 
crude preparations, but removed during the purification of 
uracildeoxyribotide.
Comparison of cytosinedeoxyriboside and cytosine- 
deoxyribotide with uracildeoxyriboside and uracil­
deoxyribotide as substrates for thymidine and thymidylate
formation.
It can be seen that there was no significant formation 
of thymine derivatives from either cytosinedeoxyriboside or 
uracildeoxyriboside in the absence of ATP. When ATP was added 
the quantity of thymine derivatives formed from cytosine­
deoxyriboside was half that formed from uracildeoxyriboside.
The quantity of thymine derivatives formed from 
cytosinedeoxyribotide was about one third of that obtained 
from uracildeoxyribotide.
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Table 7
Comparison o f c y to s in e d e o x y r ib o s id e  and  cy to s in e d e o x y - 
r ib o t id e  w ith  u r a c i l deo x y rib o s id e  and u r a c i ld e o x y r ib o t id e  
a s  s u b s t r a te s  f o r  thym id ine  and th y m id y la te  fo rm a tio n »
A d d itio n s
Q u an tity  s y n th e s iz e d
TDR
mjJLmoles
TDR5P
m (i.m oles
TDR + TDR5P 
mfJUnoles
UDR 1 .0 0 .6 1 .6
DDR, ATP 1 .7 1 2 .0 13 .7
CDR 1 .1 0 .3 1 .4
CDR, ATP 5 .9 1 .0 6 .9
CDR5P 4 .4 7 .1 1 1 .5
UDR5P, ATP 2 .1 33 .3 35 .4
Each 1 ml* r e a c t io n  m ix tu re  c o n ta in e d  5 mM 2 ,3 -d im e rc a p to -  
p ro p a n o l, 1 mM tetrahydroPG A , 0 .8 8  mM L -(3 -~ 4C )se r in e  (1 .0  
J ic u r ie ) ,  0 .2 6  mg. (1 3 .2  u n i t s )  o f  s e r in e  tra n sh y d ro x y m e th y la se , 
50 mM N -ethy lm o rp h o lin e  b u f f e r ,  pH 7 .4 , and 2 .5  mg', o f  p r o te in  
o f  c a l f  thymus e x t r a c t  which had b een  d ia ly s e d  and t r e a t e d  
w ith  p ro tam ine  s u lp h a te  and Dowex-1 a s  d e sc r ib e d  in  C hap ter 
I I I .  ATP when added was 10 mM, and  u ra c i ld e o x y r ib o s id e , 
u r a c i ld e o x y r ib o t id e ,  c y to s in e d e o x y r ib o s id e  and c y to s in e -  
d e o x y r ib o tid e  when added were each  5 mM.
R eac tio n  m ix tu re s  were in c u b a te d  f o r  6 h r s .  a t  3 7 ° .
(■^C)Thymine d e r iv a t iv e s  were i s o l a t e d  by p a p e r chrom atography 
and ("*■ ^C)iodoform  d e r iv e d  from  them co u n ted  in  th e  l i q u id
s c i n t i l l a t i o n  c o u n te r
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Investigation of thymidinetriphosphate formation 
in the enzyme system used, for methylation of 
uracildeoxyribotide.
Table 8 shows the results of an experiment to investigate
whether thymidinetriphosphate was formed in reaction mixtures
used to study the methylation of uracildeoxyribotide. After
the addition of carrier to replicate reaction mixtures, the
effect of heating for 10 mins, at 100° after the reaction
mixture had been made 1 N with respect to HC1 was investigated.
/14 \This procedure would be expected to hydrolyse any ( CJ- 
thymidinetriphosphate formed, and this would then increase 
the quantity of thymidylate present in the reaction mixture.
While it appeared that a small quantity of thymidylate 
was hydrolysed to thymidine, there was no increase in the 
total quantity of thymidine plus thymidylate synthesis.
Hence it was concluded that thymidinetriphosphate was not 
formed in the reaction mixtures.
DISCUSSION
The experiments reported in Tables 4 and 5 indicate 
that a definite synthesis of thymidine and thymidylate was 
obtained when uracildeoxyribotide was supplied as substrate 
and ATP was omitted. In Tables 5 and 7 there appeared to be 
a small amount of synthesis of thymidine plus thymidylate 
from uracildeoxyriboside when ATP was omitted, but this level 
of synthesis was the same as the "apparent synthesis"
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T a lle  6
I n v e s t ig a t io n  o f  th y m id in e tr ip h o sp h o sp h a te  
fo rm a tio n  in  th e  enzyme system  u sed  f o r  m e th y la tio n  
o f u r a c i ld e o x y r ib o t id e .
System
Q u a n tity  s y n th e s iz e d
TDR
nji m oles
TDR5P
nJXmoles
TDR + TDR5P 
np-moles
P ro d u c ts  h e a te d  in  1 N 
HC1 (100°, 10 m in .) 9 .3 2 6 .9 3 6 .2
C o n tro l 2 .1 3 3 .3 3 5 .4
Each 1 m l, r e a c t io n  m ix tu re  c o n ta in e d  5 mM u r a c i l ­
d e o x y r ib o t id e , 10 mM ATP, 5 mM 2 , 3 -d im ercap to p ro p a n o l,
1 mM tetrahydroPG A , 0*88 mM L -(3 -~ ^ C )se r in e  (1 .0  j i c u r i e ) ,
0*26 mg, (13*2 u n i t s )  o f  s e r in e  tran sh y d ro x y m e th y la se , 50 
mM N -eth y lm o rp h o lin e  b u f f e r ,  pH 7 .4 ,  and 2 ,5  mg. o f  p r o te in  
o f  c a l f  thymus e x t r a c t  w hich had  been  d ia ly s e d  and t r e a t e d  
w ith  p ro tam ine  s u lp h a te  and Dowex-1 r e s i n  a s  d e s c r ib e d  in  
C h ap te r  I I I .
R e a c tio n  m ix tu re s  w ere in c u b a te d  f o r  6 h r s .  a t  37 ° .
(■^C)Thymine d e r iv a t iv e s  were i s o l a t e d  by paper chrom atography 
and (^ C )io d o fo rm  d e r iv e d  from them co u n ted  in  th e  l i q u id
s c i n t i l l a t i o n  co u n te r
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obtained in previous experiments when pyrimidine substrate was
omitted. In Table 4, the level of synthesis obtained under the
same conditions was only a little greater than this. It may be
noted that the ’’apparent synthesis” obtained when pyrimidine
substrate was omitted and ATP added as shown in Table 5, was
double the level of synthesis obtained from uracildeoxyriboside
in the absence of ATP. This suggests that the contaminant
responsible was dependent on the presence of ATP. The evidence
therefore indicates that there was no real synthesis of
thymidine plus thymidylate from uracildeoxyriboside when ATP
was omitted, and hence the substrate for methylation is
uracildeoxyribotide and not uracildeoxyriboside. These results
are consistent with the results of a study (on rat thymus gland)
77published by Humphreys and Greenberg while this work was in 
progress.
Since the product of the methylation reaction is thymidylate, 
the thymidine formed must result from the hydrolysis of 
thymidylate. It can be seen from Table 4 that thymidine formation
Xi.was promoted by the addition of Mg , as in the case of rabbit 
109thymus extracts . This fact is consistent with the known 
requirement of phosphatase enzyme systems for this ion. Mg did 
not, however, have any effect on the total thymidine plus 
thymidylate synthesis. It is obvious that, when extracts contain 
phosphatase, the sum of the thymidine plus thymidylate synthesis 
provides the only true measure of methylation.
1C7
The addition of ATP in the presence of Mg++ resulted in
the overall formation of less thymidine, as shown in Table 4, 
and thus it would appear that ATP acts as a phosphoryl donor 
in the phosphorylation of thymidine with the formation of 
thymidylate, Hence the extracts contain thymidine phosphoryl- 
transferase activity as well as phosphatase activity. It is 
possible that the thymidine phosphoryltransferase is the same 
enzyme as the uracildeoxyriboside phosphoryltransferase which 
results in the production of uracildeoxyribotide, and so 
permits the formation of thymine derivatives when uracildeoxy­
riboside is supplied as substrate. Increasing the ATP 
concentration from 1 mM to 10 mM did not appear to result in a 
significant increase in thymidine plus thymidylate synthesis 
from either uracildeoxyriboside or uracildeoxyribotide.
The results given in Table 6 indicate that a powerful 
inhibitor of methylation is formed during the nitrous acid 
deamination of cytosinedeoxyribotide. Apart from the work 
summarised in the Table, investigations into the nature of this 
inhibitor were not carried out, but it was effectively removed 
by purification on Dowex-1 (formate form) resin. When isolated, 
this inhibitor might prove useful for future studies on the 
enzyme system.
From Table 7 it may be seen that cytosinedeoxyriboside 
and cytosinedeoxyribotide are not obligatory intermediates in
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the enzymic methylation of uracildeoxyribotide, since the
latter was a much better precursor of thymine derivatives than
were the cytosine compounds. 5-Methylcytosine derivatives were
not available for chromatographic studies, but it appears likely
that 5-methylcytosine derivatives would separate from thymine
107derivatives in the solvent systems used . The results in 
Table 7 show that both methylation and deamination of the 
cytosine derivatives occurred in the reaction mixtures, but 
there is no evidence to indicate which occurred first.
The results in Table 8 indicate that thymidinetriphosphate 
was not formed in reaction mixtures, and hence thymidine plus 
thymidylate provides a true measure of the amount of methylation. 
This is consistent with the fact that there is no significant 
decrease in the quantity of thymidine plus thymidylate formed 
from uracildeoxyribotide when ATP is added (Table 4), which 
would have occurred if thymidine had been phosphorylated by 
ATP with the production of thymidinetriphosphate,
SUMMARY
It has been shown that the substrate for the enzymic 
methylation reaction is uracildeoxyribotide, and not uracil- 
deoxyriboside. ATP was found to be necessary for thymidine 
and thymidylate synthesis from uracildeoxyriboside, but did 
not increase significantly the synthesis from uracildeoxy­
ribotide. Increasing the ATP concentration from 1 mM to 10 mM 
did not significantly increase the methylation reaction, but
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Iincreased the ratio of thymidylate to thymidine formed. Mg 
did not affect the total synthesis of thymidine plus 
thymidylate, but decreased the ratio of thymidylate to thymidine 
formed, presumably by activating a 51-nucleotidase.
The sum of the thymidine and thymidylate farmed provides 
a reliable measure of the methylation reaction.
Cytosinedeoxyriboside and cytosinedeoxyribotide also 
give rise to thymine derivatives, but it is not clear whether 
methylation precedes deamination.
Unpurified extracts of uracildeoxyribotide prepared by 
the nitrous acid deamination of cytosinedeoxyribotide contain 
a potent inhibitor of methylation, which is not nitrite ion, 
nor any of the ultraviolet absorbing fractions isolated.
lie
CHAPTER V
CONDITIONS AFFECTING THE ENZYMIC METHYLATION 
OF URACILDEOXYHIBO TIDE
Introduction
Before proceeding to study methods of purification of
the enzyme system effecting the methylation of uracildeoxy-
ribotide, or investigating the mechanism of the reaction, it
was desirable to investigate the optimal conditions for
synthesis of thymidine plus thymidylate. The work of 
15Blakley ~ had indicated that extracts of rabbit thymus gland 
could bring about the enzymic formation of thymidine from 
uracildeoxyriboside and that the thymidine formation was 
promoted by tetrahydroPGA, ATP and DPNH. The necessity for 
these factors in the enzymic methylation of uracildeoxyribotide 
in calf thymus extracts was therefore investigated. The role 
of ATP in the methylation reaction in calf thymus extracts 
has already been discussed in Chapter IV* This chapter includes 
studies on the optimal concentration of substrates, cofactors 
and inhibitors, as well as studies on the optimal incubation 
conditions* The necessity of taking precautions to prevent 
oxidative destruction of tetrahydroPGA will also be demonstrated.
MATERIALS
Vitamin B^g was obtained from Glaxo Laboratories Ltd., 
England. 5-Fluorouracildeoxyriboside was a gift from Hoffmann
Ill
La Roche, Basle, Switzerland, Otherwise the materials were 
the same as those which have Been described in previous chapters,
METHODS
These were the same as those which have been described 
in previous chapters.
RESULTS
Thymidine and thymidylate synthesis from 
uracildeoxyriboside.
Preliminary studies on calf thymus extract which had
been treated with Dowex-1 (chloride form) resin but not
dialysed or treated with protamine sulphate showed that the
extract contained an enzyme system which could form (Me-^C)-
, 14 \thymidine from uracildeoxyriboside and L-(3- Cjserine in the 
presence of ATP and tetrahydroPGA. Almost zero synthesis 
occurred if the extract was boiled for 2 min, or heated at 
52° for 10 min, before incubation, or if tetrahydroPGA was 
omitted from the reaction mixture.
When carrier thymidine and thymidylate were added to the 
reaction mixture at the beginning of the incubation period the 
amount of synthesis from uracildeoxyriboside was only about 
one third of that obtained when carrier was added after 
incubation.
The synthesis of thymidine from uracildeoxyriboside was 
not found to be significantly less when reaction mixtures
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which contained 1 mM tetrahydroPGA were incubated under air 
instead of under nitrogen if the extract had not been treated 
with Dowex-l (chloride form) resin. If the extracts had been 
treated with Dowex-l, then the synthesis of thymidine was 
about 27^ lower, a difference which is probably significant.
In a preliminary experiment thymidine synthesis was 
also shown to be approximately proportional to the quantity 
of calf thymus extract protein.
Effect of 2,3-dimercaptopropanol in preventing 
oxidation of tetrahydroPGA.
Reaction mixtures contain significant amounts of dissolved 
oxygen even when the air space above the fluid level in reagent 
tubes is filled with nitrogen. Since tetrahydroPGA is rapidly 
degraded by dissolved oxygen, an experiment was performed to 
determine the extent to which tetrahydroPGA became oxidized 
during incubation. The degree of oxidation was determined 
spectrophotometrically and compared with that which took place 
when mM 2,3-dimercaptopropanol was added to a similar reaction 
mixture. In each case the spectrum of the reaction mixture 
containing tetrahydrofolate was determined using as a reference 
a similar reaction mixture which differed only in that it did 
not contain tetrahydroPGA, and which had been incubated under 
similar conditions to the test solution.
Four reaction mixtures were prepared as follows:
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A d d itio n A B C D
Thymus e x t r a c t 1 .5  ml. 1 .5  m l. 1 .5  ml. 1 .5  m l.
2 ,3 -D im ercap to p ro p an o l 3 Mmoles 3 p-moles 0 0
Te t  rahydroPGA 6 [JLmoles 0 6 p-moles 0
N -E thy lm orpholine 
b u f f e r ,  pH 7 .4 150 " 150 " 150 ” 150 p-moles
T o ta l volume 3 m l. 3 m l. 3 m l. 3 m l.
The e x t r a c t  c o n ta in e d  8 .3  mg. o f  p r o te in  p e r  m l.
Tubes w ere in c u b a te d  f o r  6 h ou rs a t  3 7 ° .
Tubes were c a r e f u l ly  f i l l e d  w ith  n i t r o g e n  and t i g h t l y  
s to p p e re d  im m ediate ly  a f t e r  a d d i t io n  o f  te trahydroPG A , and  a ls o  
im m ed ia te ly  a f t e r  rem oval o f  sam ples f o r  e x a m in a tio n . 0 .8  ml. 
sam ples were removed from  each  m ix tu re  a f t e r  0 , 2 and 6 h o u rs  
in c u b a t io n ,  r e s p e c t iv e l y .  Each sample was d i lu te d  by th e  
a d d i t io n  o f  4 volum es o f  1 .2 5  mM 2 ,3 -d im e rc a p to p ro p a n o l in  
e th a n o l ,  and th e  r e s u l t i n g  p r o te in  p r e c i p i t a t e  c e n t r i f u g e d  down.
At each  tim e p e r io d  th e  spectrum  o f s o lu t io n  A was 
re c o rd e d  u s in g  s o lu t io n  B in  th e  r e f e r e n c e  c e l l ,  and  th e  
spec trum  o f  s o lu t io n  C was re c o rd e d  u s in g  s o lu t io n  D in  th e  
r e f e r e n c e  c e l l .
Prom F ig u re  12 i t  can be seen  th a t  a t  zero  time th e  
spectrum  o b ta in e d  b o th  in  th e  p re se n c e  and  ab sen ce  o f 2 ,3 -  
d im ercap to p ro p an o l was i d e n t i c a l  w ith  t h a t  o f  tetrahydroPG A
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WAVELENGTH (mp)
F ig u re  12. E f f e c t  o f 2 ,3 -d im e rc a p to p ro p a n o l (BAL) on th e
o x id a tio n  o f te trahydroPG A . (0 h r .  in c u b a tio n )
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Figure 14. Effect of 2 ,3-dimercaptopropanol (BAL) on the
oxidation of tetrahydroPGA. (6 hr* incubation at 37°)
H C( \  298 mu)'1' “ . A f te r  2 h o u rs ’ in c u b a tio n , th e  spec trumv max
o b ta in ed  when 2 ,3 -d im ercap to p ro p a n o l was o m itted  showed an 
a b so rp tio n  maximum a t  278 m|Ji and e x h ib i te d  th e  ty p i c a l  
sh o u ld e r  ( a t  ab o u t 300 m|i) c h a r a c t e r i s t i c  o f dihydroPGA^'1'^ .
D uring f u r th e r  in c u b a t io n  th i s  s h i f t  o f th e  a b s o rp t io n  maximum 
to  s h o r te r  w aveleng th  c o n tin u e d , w ith  th e  maximum a t  274 mpi 
a f t e r  6 h r . ,  due to  o x id a tio n  o f dihydroFGA. The r e a c t io n  
m ix tu re  which c o n ta in e d  2 ,3 -d im ercap to p ro p an o l m a in ta in ed  th e  
ty p ic a l  spec trum  of tetrahydroPG A  unchanged. S ince  i t  i s  
ap p a re n t th a t  o x id a tio n  o f tetrahydroPG A  took  p la c e  in  r e a c t io n  
m ix tu res  when 2 , 3 -d im ercap to p ro p a n o l was n o t p r e s e n t ,  th e  l a t t e r  
was added t o  r e a c t io n  m ix tu res  in  which u r a c i ld e o x y r ib o t id e  
m e th y la tio n  was s tu d ie d  in  o rd e r  to  p re v e n t o x id a t io n  of 
te trahydroPG A .
E f fe c t  o f o m itt in g  v a r io u s  components from  th e  r e a c t io n  
m ix tu re  used  fo r  th e  m e th y la tio n  
o f u ra c i ld e o x y r ib o t id e
Table 9 shows th e  r e s u l t s  o f an experim en t d e s ig n e d  to  
in v e s t ig a t e  th e  e f f e c t  o f  o m ittin g  v a r io u s  com ponents of th e  
r e a c t io n  m ix tu re  used f o r  th e  s y n th e s is  o f thym idine and 
th y m id y la te . I t  can be seen  th a t  when u ra c i ld e o x y r ib o t id e  
was o m itte d  th e r e  was a h ig h  l e v e l  o f a p p a re n t s y n th e s i s ,  
g r e a t e r  th an  lOfo o f t h a t  o b ta in e d  when u r a c i ld e o x y r ib o t id e  
was p r e s e n t .  The om issio n  o f ATP d id  n o t have a s ig n i f i c a n t  
e f f e c t  on th e  l e v e l  o f  s y n th e s is  b u t th e  om issio n  of />  _
( *  L I B R A R Y  h >
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T able 9
E f f e c t  o f o m ittin g  v a r io u s  components from  th e  
r e a c t io n  m ix tu re  used  f o r  th e  m e th y la tio n  
o f  u r a c i ld e o x y r ib o t id e
System
Q u a n tity  sy n th e s iz e d
TDR
mjimoles
TDR5P 
rapmoles
TDR + TDR5P 
mumoles
Complete 9 .7 61 .6 71.3
I t  _ u r a c i l -
d e o x y r ib o tid e 3 .9 4 .7 8 .6
M  _ ATP 17.1 67 .5 84 .6
M  _ DPHH 7.1 104.2 111.3
I t  _ t  e t  rahyd r  o PGA 1 .3 2 .4 3 .7
I t  _ 2 , 3 -d im ercap to -
p ro p an o l 9 .7 60 .7 70 .4
E xcept as  in d ic a te d ,  r e a c t io n  m ix tu re s  c o n ta in e d  10 mM
u r a c i ld e o x y r ib o t id e ,  10 mM ATP, 1 mM te trahydroFG A , 5 mM
1 4d im e rc a p to p ro p a n o l, 1 mM DPNH, 0*88 mM L - (3 -  ~ C )serine ( l .O  
( ic u r ie ) ,  and 8 ,9  mg. o f  p r o te in  of c a l f  thymus e x t r a c t ,  and 
50 mM N -e th y lm o rp h o lin e  b u f f e r  a t  pH 7 .4 .  The e x t r a c t  was 
t r e a t e d  w ith  Dowex-1, and d ia ly s e d .  I t  was n o t t r e a te d  w ith 
p ro tam in e  s u lp h a te .  R eac tion  m ix tu res  were in c u b a te d  f o r  6 
hours a t  3 7 ° , and thym ine d e r iv a t iv e s  were i s o l a t e d  by io n -  
exchange chrom atography and iodoform  coun ted  in  th e  end-window
c o u n te r
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tetrahydroPGA had a marked effect in that the level of ’’apparent 
synthesis” was only half that obtained when uracildeoxyribotide 
was omitted. The omission of 2,3-dimercaptopropanol did not 
result in any diminution of synthesis when tetrahydroPGA was 
present in 1 mM concentration and DPNH was present, The 
omission of DPNH resulted in approximately 50^ increase in 
synthesis. Of the components tested, therefore, only uracil­
deoxyribotide and tetrahydroPGA were essential.
Effect of varying the concentration of 2,5-dimercapto- 
propanol on the synthesis of thymidine and thymidylate 
It can be seen from Table 10 that when the concentration 
of tetrahydroPGA was 1 mM and DPNH was present there was a. 
barely significant increase in the synthesis of thymidine plus 
thymidylate when 2,3-dimercaptopropanol was added in 0.5 mM 
or 5 mM concentration.
Effect of DPNH on the synthesis of thymidine 
and thymidylate
In preliminary experiments, in which 2,3-dimercapto- 
propanol was omitted, the addition of DPNH had resulted in a 
small increase in the synthesis of thymidine. Table 9 shows 
that the addition of DPNH in the presence of 2,3-dimercapto- 
propanol resulted in a decrease of thymidine plus thymidylate. 
It seemed possible that despite the latter result DPNH was 
essential for the methylation reaction but that sufficient was 
already bound to the enzyme surface. When DPNH is strongly
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T able 10
a f f e c t  o f v a ry in g  th e  c o n c e n tra t io n  o f  
2 .3 -d im ercap to p ro p an o l
on the s y n th e s is  o f thym id ine  and th y m id y la te
Q u a n tity  sy n th e s iz e d
2 ,3 -M m ercap top ropano l 
mM
TDR
mJJtmoles
TDR5P
mpjnoles
TDR + TDR5P 
mpmoles
0 5 .3 25.9 31 .2
0 .5 2 .8 37 .9 4C.7
5 4 .0 3 4 .4 3 8 .4
R eac tio n  m ix tu res  co n ta in e d  10 mM u ra c i ld e o x y r ib o s id e ,
1 mM tetrahydroPG A , 10 mM ATP, 1 mM DPTTH, 2 .1  mM L - (3 -14C )- 
s e r in e  (2 .5  p c u r ie s ) ,  50 mM N -e th y lm o rp h o lin e  b u f f e r ,  pH 7 .4 , 
and 16 .3  mg. of p r o te in  o f a  c a l f  thymus e x t r a c t  which had 
been t r e a te d  w ith  Dowex-1 ( c h lo r id e  form ) r e s in  and d ia ly s e d .  
R eac tio n  m ix tu res  were in c u b a te d  a t  37° f o r  6 h o u rs .
("^C )Thymine d e r iv a t iv e s  were i s o l a t e d  by ion -exchange  
chrom atography, and (^*C) iodoform  d e riv e d  from  them was coun ted
in  th e  end-window c o u n te r .
121
bound to protein, it may generally be removed by stirring the 
protein solution with charcoal. If DPN1I was essential for 
the methylation reaction, addition of DFNH to a charcoal-treated 
extract might thus have a stimulating effect. An experiment was 
therefore carried out using charcoal-treated extract as shown 
in Table 11, It can be seen that a satisfactory level of 
synthesis was obtained in the absence of added DPMI, and that 
the addition of DPNH again caused a significant reduction in 
the synthesis of thymidine plus thymidylate, It was concluded 
that DFNH stimulated some side reaction when 2,3-dimercapto- 
propanol was present, which led to reduction in the synthesis 
of thymidine plus thymidylate. Since DPNH did not appear to be 
essential for the reaction it was later omitted from reaction 
mixtures. The postulated side reaction was not investigated 
further.
Effect of adding serine transhydroxymethylase
on the srnthesis of thymidine plus thymidylate
The methylation reaction depends on the presence of
serine and tetrahydroPGA, presumably since they are required
5 10 5for the formation of N ,N -methylenetetrahydroPGA or N~-
hydroxyme thy It etrahydroPGA. Since the formation of these is
mediated by serine transhydroxyme thylase, it is important that
reaction mixtures used to study the methylation reaction contain
adequate amounts of serine transhydroxymethylase. Table 12
shows the effect of added serine transhydroxyme thylase on the
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Table 11 
E f fe c t  of mm
on th e  s y n th e s is  o f thym id ine  and th y m id y la te
Q u a n tity  sy n th e s iz e d
A d d itio n s
THR TDR5P TDR + TDR5P
mp-moles mJJmoles mpmoles
1 mM DPM 1 .9 2 6 .5 28 .4
0 2 .3 44,8 47.1
R e a c tio n  m ix tu res  c o n ta in e d  10 mM u ra c i ld e o x y r ib o t id e ,
10 mM ATP, 1 mM te trahydroPG A , 0*88 mM L~( 3 - ^ C ) s e r i n e  ( l  
M o urie), 5 mM 2 ,3 -d im e rc a p to p ro p a n o l, 4 ,1  mg. o f  p r o te in  of 
a  c a l f  thymus e x t r a c t  which had been  made up in  0 .1  M 
p h o sp h a te  b u f f e r ,  pH 7 .4 , t r e a te d  w ith  p ro tam ine s u lp h a te ,  
and Dowex-1 ( c h lo r id e  form ) r e s in  as d e sc r ib e d  in  C h ap te r I I I ,  
and t r e a te d  w ith  N o rite -A  c h a rc o a l ( 1 mg. p e r  mg, o f p r o te in )  
tw ic e , s t i r r i n g  on th e  f i r s t  o cca sio n  f o r  20 m inu tes and on 
th e  second o cca s io n  f o r  10 h ou rs and rem oving th e  c h a rc o a l 
each tim e by c e n t r i f u g a t io n  a t  10 ,000  £  f o r  20 m in u tes .
Thymine d e r iv a t iv e s  were i s o l a t e d  by ion -exchange  chrom atography
and iodoform  counted in  th e  end-window c o u n te r .
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T able 12
E f fe c t  of ad d in g  s e r in e  t r a n  shydroxym ethy lase 
on th e  s y n th e s is  o f  thym id ine  and th y m id y la te
U n its  of s e r in e  
tran sh y d ro x y m e th y la s  e
In c u b a tio n
tim e
Q u a n tity  s y n th e s iz e d
TDR
mi-imoles
TDR5P
mjJ.mcles
TDR + TDR5P 
mjimoles
0 1 h r . 0 .7 26 .7 27 .4
32 .5 M 3 .5 22 .7 26 .3
0 6 h r . 4 .6 51 .5 56 .1
3 2 .5 u 7 .9 80 .5 8 8 .3
R eac tio n  m ix tu res  c o n ta in e d  1C mM u ra c i ld e o x y r ib o t id e ,  
0*88 mlvl L -(3-"''*0) s e r in e  ( l  j u r i e s ) ,  1 mM te trahydroPG A ,
5 mM 2 ,3 -d im er cap t  opr o p a n o l, and 10 mM ATP, The c a l f  thymus 
e x t r a c t  was p re p a re d  in  0*05 M phosphate  b u f f e r ,  and a f t e r  
rem oval of n u c le ic  a c id  w ith  p ro tam ine  s u lp h a te ,  and tre a tm e n t 
w ith  Dowex-1 ( c h lo r id e  form ) r e s in  as d e sc r ib e d  in  C hapter I I I ,  
i t  was t r e a te d  w ith  N o rite -A  c h a rc o a l ( l  mg* p e r  mg. of e x t r a c t  
p r o te in )  as  an a l t e r n a t i v e  to  rem oving f r e e  n u c le o tid e s  and 
n u c le o s id e s  by d i a l y s i s .  The e x t r a c t  was s t i r r e d  w ith  th e  
c h a rc o a l f o r  5 h o u rs , and  a f t e r  rem oval o f th e  c h a rc o a l by 
c e n t r i f u g a t io n  a t  10 ,000  £_ f o r  20 m in u tes , a f u r th e r  eq u a l 
q u a n t i ty  o f c h a rc o a l was added and th e  e x t r a c t  s t i r r e d  fo r  
12 h o u rs , a f t e r  w hich th e  c h a rc o a l was removed as b e fo re .
5 .5  mg. o f e x t r a c t  p r o te in  w ere added to  each r e a c t io n  m ix tu re , 
and th e  m ix tu re s , which had a f i n a l  volume o f 1 m l.,  in c u b a te d  
a t  37° under n i t r o g e n .  (^C )T hym ine d e r iv a t iv e s  were i s o la te d  
by io n -ex ch an g e  chrom atography, and ( X^ C) iodoform  coun ted  in  
th e  end-window c o u n te r .
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synthesis of thymidine and thymidylate after 1 hour and 
after 6 hours’ incubation* There appears to have been a 
significantly greater synthesis in 6 hours when serine 
transhydroxymethylase was added, although there was no greater 
synthesis after 1 hour incubation. On the basis of the 
increase obtained after 6 hours, however, the expected increase 
after 1 hour would be less than the probable error in the 
method of determining the synthesis.
Bffect of serine transhydroxymethylase and 
2,3-dimercaptopropanol on the synthesis of 
thymidine and thymidylate in the presence 
of high and low levels of tetrahydroPGA 
Table 13 shows the result of an experiment to investigate 
whether the effect of adding 2,3-dimereaptopropanol and/or 
serine transhydroxymethylase was the same in the presence of 
low levels of tetrahydroPGA as in the presence of high levels. 
In these experiments DPNH was omitted in contrast to the 
experiments of Tables 9 and 10 where it was added to the 
reaction mixture.
As mentioned previously, the concentration of the 
enzymically active isomer of tetrahydroPGA is only half that 
of the chemically prepared tetrahydroPGA used. It can be 
seen that in the presence of 2,3-dimercaptopropanol and 
serine transhydroxymethylase the maximal synthesis obtained 
when 0.02 mM tetrahydroFGA (i.e., 0.01 mlvl enzymically active
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Table 13
Effect of serine transhydroxymethylase and 
2.5-dimercaptopropanol on synthesis of thymidine and 
thymidylate in the presence of high and low levels 
of tetrahydroPGA.
Quantity synthesized
UDR5P Tetrahydro­
PGA
2,3-Dimer- 
capto- 
propanol
Serine 
trans- 
hydroxy - 
methylase 
units
TDR
n^moles
TDR5P
npLmoles
TDR + 
TDR5P 
njlmoles
10 mM 1 mM + + 0.8 63.0 63.8
M ti + - 0.2 78.2 78.4
M ii - + 0.7 18.6 19.3
11 it - - 1.1 9.9 11.0
I 0.02 mM + 0.2 4.2 4.4
tf ti + - 0.1 3.4 3.5
11 it - + 0.2 3.8 4.0
11 it - - 0.1 0.6 0.9
0 ii + + 0.2 1.2 1.4
Reaction mixtures contained 10 mM ATP, 50 mM N-ethyl- 
morpholine buffer at pH 7,4, 1*1 mM L-(3-'^C)serine (l j-icurie) 
and 2,3-dimercaptopropanol when added was 5 mM. 8 units 
(1.6 mg. of protein) of serine transhydroxymethylase were added 
as indicated and each reaction mixture contained 6.1 mg. of 
protein of a calf thymus extract which had been dialysed and 
treated with protamine sulphate and Dowex-1 resin as described 
in Chapter III. The 1.0 ml. reaction mixtures were incubated 
for 6 hrs. at 37°. Thymine derivatives were isolated by paper 
chromatography and iodoform counted in the liquid scintillation 
counter.
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tetrahydroPGA) was added was considerably less than when 1 mM 
tetrahydroPGA was added. The omission of serine transhydroxy- 
methylase had no significant effect at either level of 
tetrahydroPGA, provided that 2,3-dimercaptopropanol was present. 
In contradistinction to the result obtained in Table 9, where 
omission of 2,3-dimercaptopropanol made no difference when D P M  
was present, it can be seen from Table 13 that in the absence 
of DPNH the omission of 2,3-dimercaptopropanol resulted in a 
decrease in synthesis of thymidine plus thymidylate when 
tetrahydroPGA was 1 mM, but no difference was demonstrated when 
tetrahydroPGA was 0.02 mM. If both serine transhydroxymethylase 
and 2,3-dimercaptopropanol were omitted, there was a considerable 
decrease in synthesis at both levels of tetrahydroPGA.
It can also be seen from Table 13 that the "apparent 
synthesis”, obtained when uracildeoxyribotide was omitted in the 
presence of 0.02 mM tetrahydroPGA, was one third of the synthesis 
obtained when uracildeoxyribotide was present.
Effect of varying, the concentrations of 
uracildeoxyribotide. L-(5-"'^C)serine and 
tetrahydroPGA.
Table 14 shows that when the concentration of uracil­
deoxyribotide was increased from 5 mM to 20 mM there was no 
significant increase in the amount of thymidine or thymidylate 
formed. Increasing the concentration of L-(3-"^C)serine five 
times resulted in less than a three-fold increase in the level
T able 14
E f fe c t  o f v a ry in g  th e  c o n c e n tra tio n s  o f 
u r a c i ld e o x y r ib o t id e ,  L -( 5 - " 4C) s e r in e  and 
tetrahydroPG A
U rac ild eo x y ­
r ib o t id e
mM
L -(3 -14C )-
S e rin e
mM
T etrah y d ro ­
PGA
mM
Q u a n tity  sy n th e s iz e d
TUR
mUmoles
TUR5P
mj-Unoles
TDR + 
TPR5P 
mpmoles
5 C.88 1 10 .2 1 2 .S 23.1
10 n t i 6 .7 20 .2 26.9
20 I I i i 7 .2 19 .4 26 .6
10 4 .4 i i 31.1 35.6 66,9
I I 0.C88 i i 4 ,2 4 .4 8 .6
M 0 .68 0 .1 5 .9 7.8 13 .7
I t H 0 .01 1 .6 7 .8 9 .4
R eac tio n  m ix tu res  a l s o  c o n ta in e d  3 ,2  mg, o f p r o te in  o f c a l f  
thymus e x t r a c t  which had been d ia ly s e d ,  and t r e a t e d  w ith  Dowex-1, 
and pro tam ine s u lp h a te ,  to g e th e r  w ith  5 mM 2 ,3 -d im e rc a p to -  
p ro p a n o l, 50 mM N -e th y lm o rp h o lin e  b u f f e r  a t  pH 7 .4 , and 0 .4 4  mg. 
(30 u n i t s )  o f s e r in e  tran sh y d ro x y m e th y la se  in  a  volume o f 1 ml. 
In c u b a tio n  was c a r r i e d  o u t a t  37° f o r  6 h o u rs . Thymine 
d e r iv a t iv e s  were i s o l a t e d  by ion -exchange chrom atography and 
iodoform  was coun ted  in  th e  end-window c o u n te r .
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of synthesis. It can he seen that reducing the concentration 
of tetrahydroFGA to 0.1 mM results in reduction of the synthesis 
to half that obtained with 1 mM tetrahydroPGA. A further 
reduction in the concentration of tetrahydroFGA results in a 
farther fall in the level of synthesis obtained, but 
measurement of such low levels of synthesis by this method is 
subject to significant error, as has been pointed out in 
Chapter II.
Relationship of synthesis of thymidine and 
thymidylate to period of incubation over six hours 
Figure 15 shows how the synthesis of thymidine and 
thymidylate varied with the time of Incubation over six hours.
1.0 ml. samples of a single reaction mixture containing 5 mM 
uracildeoxyribotide, 10 mM ATP, 1*1 mM L-(3-^C)serine (1 |J.curie), 
5 mM 2,3-dimercaptcpropanol, 1 mM tetrahydroPGA, 1.6 mg. (8 
units) of serine transhydroxymethylase protein, 50 mM 
N-ethyImorpholine buffer, pH 7.4, and 4.3 mg. of calf thymus 
extract protein, were incubated for various times up to 6 hours 
at 37°. A similar reaction mixture in which the enzyme was 
heated in a boiling water bath for two minutes prior to 
addition of tetrahydroPGA was prepared as a control for zero 
incubation time. Another reaction mixture differing from the 
first only in that uracildeoxyribotide was omitted was divided 
into two parts, and 1.0 ml. aliquots were incubated for 1 hour 
and 6 hours, in order to obtain controls for "apparent synthesis"
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? iff ure 15, The relationship of the synthesis of thymidine
(• ------ • ) and thymidylate (0 ------ 0) to time. The
details of the experiment are described in the text
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as described, in Chapter II. Thymine derivatives were isolated 
by paper chromatography, and iodoform derived from them counted 
in the liquid scintillation counter.
It can be seen that the synthesis of thymidylate was 
proportional to the time of incubation over 5 hours, but 
incubation for a further hour did not appear to result in a 
significant increase in synthesis. The synthesis of thymidine 
was low even after six hours, but the results obtained are 
consistent with synthesis proportional to the time of 
incubation. The control reaction mixture for zero incubation 
time showed an apparent synthesis of 0.4 nUmoles of thymidylate 
and 1.7 mfimoles of thymidine. The control reaction mixture 
from which uracildeoxyribotide was omitted showed an apparent 
synthesis of thymidylate of 0.7 rijimoles after 1 hour and 0.9 
npLmoles after 6 hours, and an apparent synthesis of thymidine 
of 2.1 n^moles after 1 hour and 1.0 njlmoles after 6 hours.
Figure 16 shows the results of a similar experiment when 
thymine derivatives were isolated by ion-exchange chromatography 
and iodoform counted in the end-window counter. While the 
method is less accurate at low levels of synthesis, it appears 
to show linearity of thymidine and thymidylate synthesis over 
6 hours’ incubation at 37°. In this experiment each reaction 
mixture contained 10 mM uracildeoxyribotide, 0.88 mM L-(3-^C)- 
serine (1.06 jxcuries), 5 mM 2,3-dimercaptopropanol, 1 mM
131.
TDR5P
TIME (hours)
Figure 16» The relationship of the synthesis of thymidine
(0 ------  0) and thymidylate (t ------  time. The
details of the experiment are described in the t e x t ^ N
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tetrahydroPGA, 10 mM ATP, 50 mM phosphate buffer, pH 7.4,
10*6 mg. (430 units) of serine transhydroxymethylase, and 
10.0 mg. of protein of calf thymus extract which had been 
dialysed and treated with Dowex-1 (chloride form) resin.
Effect of added Vitamin B-^ on the synthesis of
thymidine and thymidylate
Table 15 shows the results of an experiment to determine 
the effect of adding Vitamin to reaction mixtures which 
contained calf thymus extract which had been dialysed and 
treated with protamine sulphate and Dowex-1, and then stirred 
with Norite-A charcoal as described in the legend to the Table. 
The treatment with charcoal was performed with the hope that 
any Vitamin B.^ or related cofactor which might be bound to the 
enzyme would be removed by adsorption on to the charcoal.
There was no significant difference in the enzyme activity of 
the extract (as judged by the synthesis of thymidine plus 
thymidylate) after treatment with charcoal, either before or 
after the addition of 1 [igm./ml. of Vitamin B^0.
Effect of inhibitors on the synthesis 
of thymidine and thymidylate.
Table 16 shows the results of an experiment to test the 
effect of adding either sodium fluoride or 5-fluorouracil- 
deoxyriboside to reaction mixtures. It can be seen that sodium 
fluoride, which is a well known inhibitor of phosphatases, does
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Table 15
E f f e c t  o f  added V itam in Bn 9 on th e  s y n th e s is  o f
thym id ine  and th y m id y la te
System
Q u a n tity  sy n th e s iz e d
TDR
njlmoles
TDR5P
m(imoles
TDR + TDR5P 
m(-imoles
C o n tro l 1 .3 4 2 .4 43 .7
+ 1 jJLgm./ml. o f  
V itam in  B^g 2 .0 3 2 .2 34 .2
R e a c tio n  m ix tu re s  were in c u b a te d  f o r  6 h o u rs  a t  3 7 °,
Each 1 m l. r e a c t io n  m ix tu re  c o n ta in e d  10 mM ATP, 5 mM 
2 ,3 -d im e rc a p to p ro p a n o l, 5 mM u ra c i ld e o x y r ib o t id e ,  1 mM 
te trahydroPG A , 0 .88  mM L -(3 -~ ^ C )se rin e  (1 .0  JJ-curie), 0 .26  mg. 
(1 3 .2  u n i t s )  o f  s e r in e  tran sh y d ro x y m e th y la se , 50 mM 
N -e th y lm o rp h o lin e  b u f f e r ,  pH 7 .4 ,  and 1 .6  mg. o f  p r o te in  o f c a l f  
thymus e x t r a c t  w hich had b een  d ia ly s e d ,  and t r e a t e d  w ith  
p ro tam in e  s u lp h a te ,  Dowex-1 r e s i n ,  and tw ic e  t r e a t e d  w ith  
N o rite -A  c h a rc o a l ( l  mg ./m g. o f  p r o t e i n ) .  T his c h a rc o a l 
t r e a tm e n t was c a r r i e d  ou t by s t i r r i n g  f o r  20 m ins, and 12 
h o u rs , r e s p e c t iv e ly ,  and th e  c h a rc o a l removed each  tim e by 
c e n t r i f u g in g  a t  10 ,000 £ .  f o r  20 m in u te s . ( C)Thymine 
d e r iv a t iv e s  were i s o l a t e d  by p ap er chrom atography and ("L^ C)~ 
iodoform  coun ted  in  th e  l i q u i d  s c i n t i l l a t i o n  c o u n te r .
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Table 16
E f f e c t  o f  i n h i b i t o r s  on th e  s y n th e s is  o f  
thym id ine and th y m id y la te .
Additions
Quantity synthesized
TDR
m|-Lmoles
TDR5P
m|Jlmoles
TDR 4- TDR5P 
n^moles
Control 2 .1 33 .3 35 .4
" + 1  mM NaF 1 .5 27 .4 2 8 .9
M 4- 1 mM flu o ro -
uracildeoxyriboside _ * 2 .2 -
* No iodoform  fo rm a tio n .
Each 1 ml. r e a c t io n  m ix tu re  c o n ta in e d  5 mM u ra c ild e o x y -  
r i b o t i d e ,  10 mM ATP, 5 mM 2 , 3 -d im ercap to p ro p a n o l, 1 mM t e t r a -  
hydroPGA, 0 .8 3  mM L - (3 -14C )se r in e  (1 .0  p .c u r ie ) ,  0 .2 6  mg, (1 3 ,2  
u n i t s )  o f s e r in e  tran sh y d ro x y m e th y la se , 50 mM N -ethy lm o rp h o lin e  
b u f f e r ,  pH 7 .4 , and 2 .5  mg. o f  p r o te in  o f c a l f  thymus e x t r a c t  
w hich had been  d ia ly s e d ,  and t r e a te d  w ith  p ro tam ine  su lp h a te  
and Dowex-1 a s  d e sc r ib e d  in  C hap ter I I I .
R e a c tio n  m ix tu re s  were in c u b a te d  f o r  6 h r s .  a t  37°. 
(^C )T hym ine d e r iv a t iv e s  were i s o l a t e d  by paper chrom atography 
and (^ C )io d o fo rm  d e r iv e d  from  them co u n ted  in  th e  l i q u id
s c i n t i l l a t i o n  c o u n te r
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not inhibit the methylation reaction. The role of 5-fluoro- 
uracildeoxyriboside and related compounds as inhibitors of this 
enzyme methylation reaction has been briefly discussed in 
Chapter I.
No iodoform formation occurred when thymidine isolated 
from reaction mixtures which had contained 5-fluorouracil- 
deoxyriboside was subjected to the usual procedure for degradation 
to iodoform. This was presumably because the thymidine was 
contaminated with 5-fluorouracildeoxyriboside and this in some 
way prevented the formation of iodoform. It can be seen, however, 
that almost complete inhibition of thymidylate synthesis occurred.
DISCUSSION
Since thymidine and thymidylate appeared to bring about 
partial inhibition of the methylation reaction when 20 (imoles of 
each were added to 1 ml. reaction mixtures before incubation, 
the practice of adding carrier after incubation instead of before 
incubation was adopted. No investigation was carried out to 
discover whether this apparent partial inhibition was due to 
product inhibition or to reversibility of the reaction.
The role of ATP in the production of thymidine from 
uracildeoxyriboside has been discussed in Chapter IV.
TetrahydroPGA has been shown to be essential for the
enzymic methylation of uracildeoxyribotide in calf thymus extracts.
15This is in agreement with the work of Blakley ' , and also with
14 77that of Phear and Greenberg , Humphreys and Greenberg and
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F rie d k in  and Komb e rg  . In c re a s in g  th e  c o n c e n tra t io n  of added 
tetrahydroPG A  from  0 ,1  mM to  1 mM r e s u l t e d  in  a  d o u b lin g  of th e  
le v e l  o f s y n th e s is ,  b u t s in c e  th e  p o s s i b i l i t y  t h a t  a  f u r t h e r  
in c re a s e  in  th e  c o n c e n tra t io n  may have in c re a s e d  th e  con tam inan t 
re s p o n s ib le  fo r  '’a p p a re n t s y n th e s is ” measured in  th e  absence  o f 
added p y rim id in e  s u b s t r a t e ,  no a t te m p t was made to  in c re a s e  th e  
le v e l  o f t ru e  s y n th e s is  f u r th e r  by in c re a s in g  th e  c o n c e n tra t io n  
of te trahydroPG A .
In  th e  p re se n c e  o f 2 ,3 -d im erca p to p ro p an o l s e r in e  
tran sh y d ro x y m e th y la se  som etim es in c re a s e d  th e  s y n th e s is  o f 
thym idine p lu s  th y m id y la te  o v e r s ix  h o u rs ' in c u b a tio n , as in  
T able 12, though n o t  alw ays ( c f .  T able 1 3 ) . S ince  tetrahydroPG A  
was e s s e n t i a l  to  th e  m e th y la tic n  r e a c t io n ,  and s in c e  th e  m ethyl 
group o f thym ine d e r iv a t iv e s  was form ed from  th e  hydroxym ethyl 
group of s e r in e ,  p resum ably  s e r in e  tran sh y d ro x y m e th y la se  no rm ally
5
p re s e n t in  e x t r a c t s  b ro u g h t ab o u t th e  p ro d u c tio n  o f  If -hyd roxy -
5 JLCm ethyltetrahydroPG A  and N ,1t  -m ethy lenetetrahydroPG A , b u t added 
tran sh y d ro x y m e th y la se  som etim es in c re a s e d  th e  r a t e  o f  th i s  r e a c t io n .  
In th e  absence  of 2 ,3 -d im e rc a p to p ro p a n o l and DPNE, added s e r in e  
tran sh y d ro x y m e th y la se  produced  much more s t im u la t io n  o f the 
m e th y la tio n  r e a c t io n  th a n  when 2 ,3 -d im e rc a p to p ro p a n o l was p re s e n t  
(T ab le  1 3 ) . T his may be i n t e r p r e te d  a s  in d ic a t in g  t h a t  some 
d e g ra d a tio n  o f tetrahydroPG A  was p re v e n te d  by th e  a d d i t io n  o f 
s e r in e  tran sh y d ro x y m e th y la se  in  th e  absence  of 2 ,3 -d im e rc a p to -
78
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propanol. Presumably this was due to the fact that 
methylene tetrahydroPGA, formed more rapidly when additional 
transhydroxymethylase was present, is more slowly oxidised than 
tetrahydroPGA^"v, and thus less loss of the latter due to 
oxidation occurred than when no serine transhydroxymethylase 
was added.
In order to ensure that the concentration of tetrahydroPGA 
in reaction mixtures m s  not diminished by loss of tetrahydroPGA 
due to oxidation, which has been demonstrated to occur even when 
incubation is carried out under nitrogen (Figures 13 and 14),
2,3-dimercaptopropanol was normally added to reaction mixtures.
In some cases it produced considerable stimulation of the 
methylation reaction, particularly when DPNH and serine transhydroxy­
methylase were omitted (Table 13). In experiments involving 
determination of stoichiometric relationships between tetrahydroPGA 
and some other reactant, it is important that 2,3-dimercaptopropanol 
be added to prevent oxidation of tetrahydroPGA.
DPNH was found in early experiments to have a stimulating 
affect on the synthesis of thymidine from uracildeoxyriboside,
ATP and serine in the absence of 2,3-dimercaptopropanol. This may 
be explained by assuming that dihydroPGA which had been formed by 
oxidation of tetrahydroPGA was reduced by DPNH back to tetrahydroPGA 
through the action of a dihydrofolic reductase present in the 
extracts, \7hen 2,3-dimercaptopropanol was present, there was no 
loss of tetrahydroPGA due to oxidation, and hence DPNH would no
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longer have this stimulating- effect. The inhibition then found 
on addition of DPNH in the presence of 2,3-dimercaptopropanol, 
presumably due to the adverse effects of a side reaction, would 
then be unmasked.
It can be seen that nothing is to be gained by using 
concentrations of uracildeoxyribotide greater than 5 mM, since the 
level of synthesis obtained from 20 mM uracildeoxyribotide is 
not significantly different from the level obtained from 5 mM 
uracildeoxyribotide (Table 14). For reasons of economy it was not 
desirable to increase the level of L-(3-^C)serine above that used
in most experiments, especially since a five-fold increase in the
#
. 14 .L-(3- C)serine concentration from 0.86 mM to 4.4 mM led to less 
than a three-fold increase in the synthesis of thymidine plus 
thymidylate. It can, however, be seen that die concentrations
, 14 vof uracildeoxyribotide, L-(3~ Cjserine and tetrahydroPGA used in 
most experiments are approaching the optimal values (Table 14).
It has been demonstrated that the rate of synthesis is 
constant for five hours but does not always remain constant if the 
reaction is continued for a further period (Figures 15 and 16).
Although the addition of Vitamin did not stimulate the 
methylation reaction in reaction mixtures containing: calf thymus 
extract which had been treated with Forite-A charcoal (Table 15), 
this does not preclude the possibility that Vitamin has a 
coenzyme role in the methylation reaction, and that it was not 
removed from the enzyme by treatment with charcoal. It is also
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p o s s ib le  t h a t  some o th e r  compound r e la t e d  to  V itam in is  a  
c o f a c to r .
S ince  f lu o r id e  d id  n o t i n h i b i t  th e  m e th y la tio n  r e a c t io n  
(T able 1 6 ), i t  may prove u s e fu l  in  l a t e r  work on t h i s  enzyme 
system  as  an i n h i b i t o r  o f th e  p h o sp h a tase  b r in g in g  about th e  
fo rm a tio n  o f thym id ine from  th y m id y la te . I n h ib i t io n  o f 
p h o sp h a tase  by f lu o r id e  has n o t ,  how ever, been  te s t e d  in  t h i s  
sy stem .
I n h ib i t io n  o f th e  m e th y la tio n  r e a c t io n  by 5 - f lu o r o u r a c i l -  
d e o x y rib o s id e  (T ab le  16) su g g e s ts  t h a t  5 ~ f lu o ro u ra c i ld e o x y r ib o s id e  
may be u s e fu l  a t  a  l a t e r  s ta g e  o f th e  work in  o rd e r  to  i n v e s t i g a t e  
th e  mechanism o f th e  r e a c t io n .
S tM I A R Y
O ptim al c o n d i t io n s  f o r  s a t i s f a c t o r y  s y n th e s is  o f  th y m id in e
/ 14 \and th y m id y la te  from  u ra c i ld e o x y r ib o t id e  and L -(3 -  C J s e r in e  by 
e x t r a c t s  of c a l f  thymus g lan d  have been e s ta b l i s h e d .
TetrahydroPGA has been shown to  be e s s e n t i a l  f o r  th e  enzymic 
m e th y la tio n  o f  u r a c i ld e o x y r ib o t id e .
The use  of 2 ,3 -d im e rc a p to p ro p a n o l has been  in tro d u c e d  in  
o rd e r  to  p re v e n t th e  o x id a tiv e  d e g ra d a tio n  of tetrahydroPG A  which 
has been  shown to  o th e rw ise  occur in  th e  r e a c t io n  m ix tu re .
DPNH was found to stiEiulate thymidine p ro d u c tio n  from  
u r a c i ld e o x y r ib o s id e ,  ATP and s e r in e  i f  2 ,3 -d im e rc a p to p ro p a n o l 
was p r e s e n t ,  presum ably  by r e g e n e ra t in g  tetrahydroPG A  througjh th e  
a c t io n  o f  a  d ih y d ro fo l ic  r e d u c ta s e .  When 2 ,3 -d im e rc a p to p ro p a n o l
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was present, DFNH produced some inhibition. This may be 
attributed to some adverse side reaction.
The advantages of adding serinetranshydroxymethylase have 
been discussed*
The rate of synthesis of thymidine plus thymidylate has been 
shown to be constant for at least five hours.
Added Vitamin did not stimulate the methylation reaction.
The methylation was inhibited by 5-fluorouracildeoxyriboside, 
but not by sodium fluoride.
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CHAPTER VI
STUDIES ON THE EECHANISM OF THE ENZYMIC 
METHYLATION REACTION
Introduction
In previous chapters it has been demonstrated that 
thymidylate synthetase, the enzyme which brings about the 
methylation of uracildeoxyribotide with the production of 
thymidylate, is present in extracts of calf thymus gland. It 
is of interest to investigate the mechanism whereby the methyl 
group of thymidylate is formed from the hydroxymethyl group of 
serine and hydrogen supplied by a reductant in the reaction 
mixtures.
Positive evidence for the formation of thymine
derivatives via hydropyrimidine derivatives is lacking. Cohen
et al.""^ have obtained evidence which indicates that
dihydrouracil, dihydrocytosine, and their corresponding
ribosides and deoxyribosides, are not intermediates in the
formation of thymine in Escherichia coli. Neither do
hydroxymethyluracil, hydroxymethylcytosine, nor the corresponding
113dihydropyrimidine derivatives , support growth of thymine- 
requiring bacteria when supplied as the base. The deoxyribosides 
of hydroxymethyluracil and hydroxymethylcytosine are also 
inactive under these conditions. Similarly in rabbit thymus 
extract, 5-6-dihydrouracildeoxyriboside is not as good a
15substrate as uracildeoxyriboside for the methylation reaction "•
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It is significant that the only added reductant found
necessary for the methylation reaction is tetrahydroPGA,
77Humphreys and Greenberg found that DPNH stimulated the 
methylation reaction at low levels of tetrahydroPGA, but 
interpreted this as being due to regeneration of tetrahydroPGA 
by dihydrofolic reductase during the course of the reaction. 
Furthermore, the results of Humphreys and Greenberg indicate 
that at low levels of tetrahydroPGA, the quantity of thymine 
derivatives formed (as measured by thymidine plus thymidylate) 
is approximately equal to the quantity of tetrahydroPGA added, 
which is consistent with the hypothesis that tetrahydroPGA is 
the reductant in the reaction, and therefore a substrate 
unless regenerated by DPNH.
The results discussed in Chapter V indicate that dihydroPGA 
is formed by oxidation of tetrahydroPGA by dissolved oxygen*
When high levels of tetrahydroPGA were added and 2,3-dimercapto- 
propanol was not present, DPNH was found to have a stimulating 
effect, which has been explained as being due to regeneration of 
tetrahydroPGA from dihydroPGA, the latter being formed by the 
action of dissolved oxygen. In the work of Humphreys and 
Greenberg no special precautions were taken to prevent oxidation 
of tetrahydroPGA by dissolved oxygen, beyond incubation under 
nitrogen. Since the (^C)formaldehyde used as substrate reacts 
non-enzymically with tetrahydroPGA to give N^,N^'^-methylene- 
tetrahydroPGA48, which is more stable to oxidation than
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tetrahydroPGA^ it is possible that little oxidation of
tetrahydroPGA occurred in their reaction mixtures.
An enzyme mechanism of the type proposed by Friedkin and 
78Komberg , involving the formation of an intermediate between 
5N -iiydroxymethyl tetrahydroPGA and uracildeoxyribotide, has been
discussed in Chapter I (p. 27). The work of Humphreys and
Greenberg is consistent with a mechanism of this sort, but
implies, in addition, that tetrahydroPGA serves as the reducing
agent supplying the third hydrogen for the methyl group, and
that dihydroPGA is formed in this process, as well as by attack
by oxygen, as shown in Chapter V. DPNH should therefore
stimulate the reaction by regenerating tetrahydroPGA if a
dihydrofolic reductase is present. Moreover, at low
concentrations of tetrahydroPGA added DPNH should enable
tetrahydroPGA to act catalytically in thymidylate synthesis,
and since this effect of DPNH would be mediated by dihydrofolic
112reductase, it should be abolished by amonopterin • Although 
it has been shown in Chapter V that DPNH brings about some 
inhibition of the reaction when high levels of tetrahydroPGA 
are added and 2,3-dimercaptopropanol is present, presumably due 
to some adverse side reaction, it was decided to further 
investigate whether DPNH stimulated thymidylate synthesis at low 
levels of tetrahydroPGA in the presence of 2,3-dimercaptopropanol, 
and whether any such stimulation could be abolished by aminopterin. 
Since dihydrofolic reductase is known to catalyse the reduction
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39-41of dihydroPGA by TPNU , a similar investigation was 
carried out on the effect of TPNH on thymidylate synthesis.
Priedkin has obtained results indicating that tritium 
from (5,6,7,3-'' H)-5,6, 7,6-tetrahydroPGA is introduced into the 
methyl group of thymidylate by the thymidylate synthetase of 
Escherichia coli" . There is, however, a five-fold to six­
fold dilution of the tritium introduced in this way, and it is 
possible that this dilution is due to an isotope effect, 
protium being introduced into the molecule more efficiently 
than tritium. It is also possible that the dilution results 
from the tritium being transferred via an intermediate 
oxidation-reduction catalyst whose hydrogen is partially 
labilised, such as a sulphydryl compound, as has been mentioned 
in Chapter I. A mechanism of this sort is shown below:
( '"'h ) tetrahydroPGA oxidised intermediate
dihydroPGA ( H)reduced intermediate
(Me- il)thymidylate (p Water
In other words, tetrahydroPGA may not be the direct donor of 
the tritium to the methyl group, although it appears to be 
the ultimate donor, and it is possible that some intermediate
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hydrogen c a r r i e r  a c ts  as th e  d i r e c t  donor to  the m ethyl group 
o f th y m id y la te . I t  i s  a l s o  p o s s ib le ,  though much l e s s  l i k e l y ,  
t h a t  t h i s  in te rm e d ia te  donor co u ld  be DPNH or TPNH t i g h t l y  
bound to  th e  enzyme s u r f a c e  and n o t  rem ovable by a d s o rp tio n  
on c h a rc o a l .  D ilu t io n  o f t r i t i u m  p a s se d  on from t r i t i u m -  
la b e le d  tetrahydroFG A  to  th e  m ethy l group of th y m id y la te  cou ld  
th en  occu r i f  th e  DFNH had an a l t e r n a t i v e  means of r e g e n e ra t io n  
in  th e  enzyme system  u sed , whereby p ro tiu m  in s te a d  o f t r i t i u m  
was in tro d u c e d  in to  th e  m ethy l g ro u p .
I t  was d e c id e d  to  in v e s t i g a t e  w h eth er th e  t h i r d  hydrogen 
f o r  th e  fo rm a tio n  o f  the  th y m id y la te  m ethyl group c o u ld  be 
donated  by w a te r . This would im ply e i t h e r  th a t  hydrogen was 
t r a n s f e r r e d  from  te trahydroPG A  to  th e  m ethyl group of 
th y m id y la te  by an in te rm e d ia te  o x id a t io n - r e d u c t io n  c a t a ly s t  
which f r e e l y  exchanged p ro to n s  w ith  w a te r , or th a t  the hydrogen 
f o r  the  fo rm a tio n  o f th e  m ethyl group o f  th y m id y la te  co u ld  be 
d i r e c t l y  donated  by w a te r . An e x p e rim en t in  which th y m id y la te  
was sy n th e s iz e d  in  a  r e a c t io n  m ix tu re  c o n ta in in g  t r i t i a t e d  
w a te r  was th e re fo re  c a r r i e d  o u t .
An experim ent co n d u c ted  in  o rd e r  to  d is c o v e r  w hether 
m e th ion ine  co u ld  a c t  as an  in te rm e d ia te  m ethyl donor in  th e  
th y m id y la te  s y n th e ta s e  r e a c t io n  w i l l  a l s o  be r e p o r te d .
MATERIALS
L -m eth ion ine  was o b ta in e d  from  N u t r i t io n a l  B iochem icals 
C o rp o ra tio n , C le v e la n d , O hio. TPNH was s u p p lie d  by Sigma
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Chemical Company, St* Louis, Missouri* Arninopterin was a 
gift from Dr* Jukes, of Lederle Laboratories, obtained through 
Dr. R* L. Blakley. Hyamine (hydroxide of Byamine-lOX), i.e.
N-j>- (di-isobutyl-cres oxyethoxyethyl) ,11-dimethyl, H-benzylamrnonium 
liydroxide, supplied as a 1 M solution in methanol, was obtained 
from The Packard Instrument Company, Inc., La Grange, Illinois* 
Tritiated water having 200 mc/ml. was obtained from the Atomic 
Energy Commission, Harwell, England. Russell’s viper venom was 
obtained from the Eaffkine Institute, Bombay.
The sources or methods of preparation of other materials 
have been given in previous chapters.
METHODS
Measurement of radioactivity of tritiated water using liquid 
scintillation counter* Into each counting vial 12 ml. of a 
solution containing 4 gm. of PPO and 100 mg. of POPOP per 
litre of toluene were placed. The background count was 
determined using 1300 volts across the photomultipliers, and 
the vial rejected if the count was significantly above normal.
To each vial with normal background was added 0.5 ml, of a 
1 M  solution of hyamine in methanol and the contents mixed.
The vials were refrigerated at C° for at least half an hour 
before counting again, by which time the background count had 
diminished to a steady level. The vial and its contents were 
chilled to about -20° and a 0.C1 ml. sample of tritiated water 
(suitably diluted so as to give less than 200,000 cpm) quickly
14?
added, the vial tightly stoppered, and the water dissolved 
by gentle shaking* After a further period in the refrigerator 
at 0°, when the count had reached a constant level, the vial 
was counted and the count above background determined. The 
specific activity of the water in terms of cpm/pmcle was then 
calculated.
3 14Measurement of radioactivity of (H)thymidine and ( C>-
thymidine using- the liquid scintillation counter. The 
background counts of vials were determined using 980 volts 
across the photomultipliers in the case of vials for counting 
(~^C)thymidine and a voltage of 1300 volts for vials for 
counting (^H)thyimLdine. For the background count each vial 
contained 12 ml. of toluene solution containing 4 gm. of PPO 
and 100 mg. of P0P0P per litre of toluene, 0.5 ml. of 1 M 
hyamine in methanol and C.01 ml. of water. After the background 
determination, the vial was emptied, washed with ethanol and 
dried.
14 3A known quantity of ( C)thymidine or ( II)thymidine was 
then added as an aqueous solution and dried in the vial. The 
thymidine was dissolved in 0.5 ml. of hyamine and 0.01 ml. of 
water, and 12 ml.* of a solution of PPO and P0P0P in toluene 
of the same concentration as above were added and the solution 
mixed. After cooling at 0° in the refrigerator for at least 
half an hour, by which time the count had reached a steady 
level, the samples were counted using a 10-50 volt pulse
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"window” and the photomultiplier voltages mentioned above.
The specific activity of the labeled thymidine in terms of 
cpm/pmole was then calculated.
Other methods used were the same as those described in 
Chapter II.
RESULTS
Table 17 shows the results of an experiment to investigate
whether the addition of a pool of unlabeled L-methicnine led
to a reduction in the formation of (Me-^ C ) thy mi dylate and
hence an apparent decrease in thymidyiate synthesis as measured
by the isotope method. If methionine was an obligatory
intermediate for the formation of the methyl group of thymine
derivatives, then the addition of a pool of unlabeled methionine
14would lead to dilution of C incorporated into the methyl group, 
of thymidyiate and derived thymidine. It can be seen from 
Table 17 that the addition of methionine did not affect 
(Me^^C)thymidyiate synthesis.
Effect of adding LPUH and TPNI1, with and without aminopterin. 
and the effect of adding glutathione on the synthesis of 
thymidine and thymidyiate
Table 16 shows the results of experiments to investigate 
whether DFNH, TPNH or glutathione led to an increase in the 
synthesis of thymidine and thymidyiate when tetrahydroPGA was 
limiting, and the effect of added aminopterin on any such 
inc reas e.
y *  LIBRARY rj
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T ab le  17
E f f e c t  o f added m e th io n in e  on s y n th e s is  o f 
thym id ine  and th y m id y la te .
Q u a n ti ty  sy n th e s iz e d
System TDR TDR5P TDR + TDR5P
nptmoles njimoles irfimoles
C o n tro l 3 .3 50.6 53 .9
C o n tro l + 10 mM L -m eth ion ine 3 .8 4 9 .6 53 .4
R e a c tio n  m ix tu re s  c o n ta in e d  10 mM u r a c i ld e o x y r ib o t id e ,
0 .88  mM L -(3 -" ^ C )s e r in e  ( l  J ic u r ie ) ,  1 mM tetrahydroPG A , 5 mM
2 , 3 -d im e rc a p tc p ro p a n o l, 10 mM ATP, 50 mM N -e thy lm orpho line
b u f f e r ,  pH 7 .4 , 7 u n i t s  o f  s e r in e  tra n sh y d ro x y m e th y la se ,
4 ,3  mg. o f  c a l f  thymus e x t r a c t  p r o te in ,  w hich had b een  d ia ly s e d
and t r e a te d  w ith  p ro tam ine s u lp h a te  and Dowex-1, in  a  f i n a l
volume o f 1 m l.,  and m ix tu re s  were in c u b a te d  u nder n i t ro g e n
f o r  6 h r s .  a t  3 7 ° . (^C )T hym ine d e r iv a t iv e s  were i s o la te d  by
14p a p e r  chrom atography and ( C )iodoform  coun ted  in  th e  l i q u id
s c i n t i l l a t i o n  c o u n te r
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Ta b le  18
E f fe c t  o f ad d in g  DPNH, TPM , a m in o p te rin  o r g lu ta th io n e  
_____ on th e  s y n th e s is  o f thym id ine  and th y m id y la te______
A d d itio n s
Q u a n tity  s y n th e s iz e d
TDR
mpmoles
TDR5P
mjimoles
TDR + TDR5P 
mptmoles
E xperim ent 1* 
C o n tro l 0 .8 4.C 4 .8
H + BFNH 1 .9 30 .6 32 .5
»» + TPMI 0 .7 6 .8 7 .5
M + DPM + A m inopterin 0 .7 6 .0 6 .7
11 + TPNH + A m inopterin 0 .4 4 .2 4 .6
1» + A m inopterin 0 .5 5 ,8 6 .3
tl -  u r a c i ld e o x y r ib o t id e 0 .3 0 .9 1 .2
11 -  tetrahydroPG A 0 .2 0 .6 0 .8
Experim ent 2 . 
C on tro l 1 .1 5 .3 6 .4
M + DPNH 3 .8 26.8 30 .6
it + TFNH 6.5 35 .9 42 .4
M + g lu ta th io n e 1 .1 4 .8 5 .9
ti -  u ra c i ld e o x y r ib o t id e 0 .4 0 .8 1 .2
it -  tetrahydroPG A 0 .1 0 .5 0 .6
Experim ent 3 . 
C o n tro l 0 .7 5.C 5 .7
M + DPNH 1 .1 1 3 .6 1 4 .7
ii + TPM 1 .1 8 .4 9 .5
ii + DPM + A m inopterin 0 .8 4 .8 5 .6
11 + TPNH + A m inopterin 0 .6
3- ’
4 .3
D e ta i ls  o f th e  experim en ts  a re  g iv e n  in  th e  te x t
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In  a l l  ex p erim en ts  in  T ab le  18, each 1 ml* r e a c t io n
m ix tu re  c o n ta in e d  5 mM d im ercap to p ro p an o l, 10 mM ATP, 50 mM
N -e th y lm o rp h o lin e  b u f f e r ,  pH 7 ,4 , 0*38 mM L -( 3 - X^ C )se rin e
( l  j ic u r ie ) ,  and 5*4 mg, o f c a l f  thymus e x t r a c t  p r o te in .  In
E xperim ent 1, 16 u n i t s  of s e r in e  t r anshyd roxym ethy lase  ( l , 8
mg, o f p r o te in )  were added ; in  Experim ents 2 and 3 h a l f  t h i s
q u a n t i ty  was u sed . The e x t r a c t  u sed  in  ExperL ment 3 was the
e x t r a c t  used  in  E xperim ent 2 , a f t e r  i t  had been  k ep t a t  5° f o r
two w eeks. When added , DPNH, TPNH, and g lu ta th io n e  were 1 mM,
and am in o p te rin  was 0 ,0 5  mM, Except a s  in d ic a te d  in  th e  T able
u ra c i ld e o x y r ib o t id e  was 5 mM, and tetrahydroPG A  was 0*02 mM,
C a lf  thymus e x t r a c t  was in  each c a se  d ia ly s e d ,  t r e a te d  w ith
pro tam ine s u lp h a te ,  and Dowex-1 r e s i n  a s  d e s c r ib e d  in  C hapter
I I I .  R eac tio n  m ix tu res  were in c u b a te d  f o r  6 hours a t  37°.
/14 \( C)Thymine d e r iv a t iv e s  w ere i s o la te d  by p ap e r chrom atography 
and (^^C )iodoform  was co u n ted  in  th e  l i q u id  s c i n t i l l a t i o n  
c o u n te r .
S ince  th e  c o n c e n tra t io n  of te trahydroPG A  (p re p a re d  by 
c a t a l y t i c  h y d ro g en a tio n  o f PGA) was 0 .0 2  mM when added , th e  
amount o f en zy m ica lly  a c t iv e  tetrahydroPG A  p re s e n t  in  each 
1 m l, r e a c t io n  m ix tu re  was 10 mpmoles. I t  can be seen  from  
T ab le  18 th a t  when n e i th e r  DPNH, n o r  TPNH, was p r e s e n t ,  in  no 
ca se  was the  s y n th e s is  o f thym id ine  p lu s  th y m id y la te  g r e a te r  
th a n  10 mjimoles. M oreover, i t  can be seen  t h a t  in  each ca se  
th e  a d d i t io n  o f  DPNH in c re a s e d  th e  s y n th e s is  o f thym id ine p lu s
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thymidylate, the increase ranging from three-fold, to seven-fold* 
The addition of glutathione had no significant effect* In 
Experiments 1 and 3 it can be seen that the further addition of 
aminopterin, when either DPNH or THTH were added, almost 
completely abolished the increase in thymidine and thymidylate 
synthesis resulting from the addition of DPNH or TPHH, but the 
addition of aminopterin in the absence of DPKH or TPNH did not 
inhibit the formation of thymidine and thymidylate. When 
measured, the “apparent synthesis” on omission of either uracil- 
deoxyribotide or tetrahydroPGA was low*
Investigation of the ability of tritiated water 
to donate tritium to the methyl group of thymidylate
An investigation of whether the third hydrogen for the 
formation of the methyl group of thymidylate from the hydroxy­
methyl group of unlabeled L-serine could be donated by water 
was carried out using tritiated water in reaction mixtures* A 
reaction mixture which contained no tritiated water but which 
contained serine and was otherwise similar to the first
was incubated under similar conditions. The synthesis of 
thymidylate from each radioactive precursor was measured by an 
isotope dilution technique of a type similar to that described 
in Chapter II, except that thymidylate was not degraded to 
iodoform but hydrolysed enzymically to thymidine, and the 
specific activity of the thymidine counted directly.
Each 1 ml. reaction mixture contained 5 mM uracildeoxy-
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ribotide, 1 mM tetrahydroPGA, 10 mM ATP, 5 mil 2,3-dirnercapto- 
prcpanol, 50 mM R-ethylmorpholine buffer, pH 7.4, 1.6 mg. (97 
units) of serine transhydroxymethyla.se and 4.1 mg. of protein of 
calf thymus extract which had been dialysed and treated with 
protamine sulphate and Dowex-1 (chloride form) resin as 
described in Chapter II.
Reaction mixture A contained 0.2 ml. (40 mcuries) of 
tritiated water and 1 mM unlabeled L-serine. Reaction mixture 
B contained 1 mM L-(3-"^C)serine and unlabeled water. Reaction 
mixtures were incubated under nitrogen at 37° for 6 hours.
At the end of the incubation period 20 Mmoles of carrier 
thymidylate were added to tubes containing reaction mixture B, 
and the tubes heated in a boiling water bath. Tubes containing 
reaction mixture A were quickly frozen and a sample of 
tritiated water transferred from each to clean tubes by freeze 
drying. The specific activity of a suitably diluted sample of 
this was then measured. The contents of the tubes originally 
containing reaction mixture A were then allowed to thaw, 20 
Mmoles of carrier thymidylate added to each, and the tubes 
heated in a boiljng water bath. The thymidylate was then 
isolated from all samples by paper chromatography, first in 
solvent 1 and then on a second chromatogram using solvent 2 
(see p. 42). The thymidylate solution eluted from the second 
chromatogram was adjusted to pH 7*4 and incubated for 4 hr. at 
37° with 1C mg. of Russell's viper venom. The phosphomono- 
esterase of the latter produced thymidine which was isolated
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by p a p e r  chrom atography u s in g  s o lv e n t  1 and coun ted  in  th e  
s c i n t i l l a t i o n  c o u n te r .  The s p e c i f i c  a c t i v i t y  of th e  ( H )- 
thym id ine  and (^ C )th y m id in e  was th e n  m easured.
The s y n th e s is  o f  ( ^ C )  th y m id y la te , c a lc u la te d  from the
measurement o f th e  s p e c i f i c  a c t i v i t y  of the (^ C )th y m id in e
14d e r iv e d  from  i t ,  assum ing th a t  a l l  th e  C was in  th e  m ethyl 
g roup , was 46 .1  mpraoles. The s p e c i f i c  a c t i v i t y  o f th e  t r i t i a t e d  
w a te r  from  r e a c t io n  m ix tu res  was 3 .5 6  x 10^ cpm/pmole. I f  th e  
m ethyl group o f each  m olecu le  o f th y m id y la te  formed c o n ta in e d  one 
hydrogen atom  d e r iv e d  from  th e  t r i t i a t e d  w a te r , th e n  the 
s p e c i f i c  a c t i v i t y  o f th e  (^ H )th y m id y la te  so  form ed would be  th e  
same as th a t  o f  th e  w a te r , p ro v id ed  th a t  th e re  was no is o to p e  
e f f e c t .  Prom th e  d i l u t i o n  f a c t o r  r e s u l t i n g  from th e  a d d i t io n  
of 20 pmoles o f c a r r i e r  th y m id y la te  i t  may be c a lc u la te d  t h a t
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th e  s p e c i f i c  a c t i v i t y  o f  the (°H )th y m id y la te  a f t e r  d i l u t i o n  
would be 62 cpm/pmole i f  one hydrogen o f th e  m ethyl group was 
d e r iv e d  from  the  w a te r . 7/hen th e  s p e c i f i c  a c t i v i t y  o f sam ples 
o f th e  o rd e r  of 5 pm oles was m easured, th e  s p e c i f i c  a c t i v i t y  o f  
( H )thym idine d e r iv e d  from  ( H )th y m id y la te  was found to  be 
2 cpm /pm ole• Hence th e re  was no s ig n i f i c a n t  in c o rp o ra t io n  o f  
t r i t i u m  from  t r i t i a t e d  w a te r in to  th e  m ethyl group of th y m id y la te .
DISCUSSION
W hile th e  r e s u l t  g iv e n  in  T ab le 17 shows th a t  m eth ion ine  
i s  n o t an o b l ig a to r y  in te rm e d ia te  in  th e  fo rm atio n  o f th e  
th y m id y la te  m ethyl g ro u p , i t  does not show th a t  t r a n s m e th y la tio n
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from  m eth ion ine  does n o t o c c u r. I f  u n la b e le d  thym ine d e r iv a t iv e s  
were form ed by tra n s m e th y la tio n  from  m eth ion ine  to  u ra c ild e o x y -  
r ib o t id e ,  in  a d d i t io n  t o  b e in g  form ed by a  d i f f e r e n t  pathway 
from  s e r in e  and u ra c i ld e o x y r ib o t id e ,  t h i s  tr a n s m e th y la tio n  p ro cess  
would no t be d e te c te d  by th i s  ex p erim en ta l method u n le s s  th e  
q u a n t i ty  form ed by t r a n s m e th y la tio n  was s i g n i f i c a n t l y  g r e a t  
r e l a t i v e  to  th e  amount o f c a r r i e r  added (20 (im oles).
S in c e , a s  shown by th e  r e s u l t s  in  T able 18, a m in o p te rin  
does n o t i n h i b i t  th e  m e th y la tio n  r e a c t io n ,  i t  ap p ea rs  th a t  th e  
e f f e c t  of a m in o p te r in  in  p re v e n tin g  the s t im u la t io n  of m e th y la tio n
by DPNH or TPNII is  due to  th e  known in h i b i t i o n  o f d ih y d ro fo l ic
112re d u c ta s e  by am in o p te rin  . The a c t io n  o f  DPKII and TFNII in  
s t im u la t in g  m e th y la tio n  i s  th e re f o r e  th e  r e s u l t  o f re g e n e ra tio n  
of tetrahydroPG A  by DPNH or TPNH in  th e  p re sen ce  of d ih y d ro fo l ic  
re d u c ta s e .  In  th e se  experim en ts  i t  can be seen  th a t  in  th e  
absence o f  DPNH o r TPNH th e  number o f mjimoles of thym id ine  p lu s  
th y m id y la te  formed never t o t a l l e d  more th an  th e  number of mpmoles 
o f th e  a c t i v e  isom er of tetrahydroPG A  p re s e n t  in  r e a c t io n  
m ix tu re s . T h is  i s  c o n s is te n t  w ith  tetrahydroPG A  b e in g  the  
re d u c ta n t  su p p ly in g  th e  t h i r d  hydrogen  f o r  th e  m ethyl group o f 
th y m id y la te . Mien DPNH or TPM was added th e  number o f mpmoles 
o f  thym idine p lu s  th y m id y la te  form ed u s u a l ly  exceeded th e  
number of uflJmoles o f  th e  a c t iv e  isom er o f  tetrahydroPG A  added, 
and in  some c a se s  was th r e e  to  fo u r  tim es th e  l a t t e r .  Thus 
DPM and TPNH en ab led  te trahydroPG A  to  a c t  c a t a l y t i c a l l y  in
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this mammalian system. Whatever may be the reason for the 
inhibition of thymidylate formation by DFNH in the presence of 
2,3-dimercaptopropanol at high levels of tetrahydroPGA, it 
appears that it is not detectable at low levels of tetrahydroPGA.
Since there is no significant incorporation of tritium from 
tritiated water into thymidylate, it would appear that hydrogen is 
not transferred from tetrahydroPGA to the methyl group of 
thymidylate via an intermediate oxidation-reduction catalyst in 
which the transferred hydrogen is labilised to any significant 
degree. This does not exclude the participation of some 
intermediate oxidation-reduction catalyst in which the hydrogen 
is labilised at a rate comparable with that of the methylation 
reaction. The results also show that hydrogen is not transferred 
directly from water to the methyl group of thymidylate.
SUMMARY
It has been shown that methionine is not an obligatory 
intermediate in the conversion of the hydroxymethyl group of 
serine to the methyl group of thymidylate in the thymidylate 
synthetase reaction.
The presence of DPNH or TPNH enables tetrahydroPGA to act 
catalytically in the thymidylate synthetase reaction, and it 
appears that a dihydrofolic reductase is present which regenerates 
tetrahydroPGA by catalysing the reduction by DPNH or TPNH of 
dihydroPGA formed during the reaction.
It has been shown that if the hydrogen from tetrahydroPGA
157.
is transferred to the methyl group of thymidylate via an 
intermediate oxidation-reduction catalyst, the hydrogen 
transferred is not labilised to any significant degree.
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APPENDIX I
PREPARATION OF L-(3-14C)SERINE
L-(3-"4C)Serine was prepared by Dr. R.L. Blakley,
and was made by a method (to be published) involving the
102use of serine transhydroxymethylase prepared from rabbit 
liver.
Materials. (^^Paraformaldehyde was obtained from the 
Radiochemical Centre, Amersham. Nuchar C was obtained 
from Industrial Chemical Sales, New York. It was boiled 
for 30 mins, with 10fo EC1, washed free of acid, dried at 
95° and sieved to remove material finer than 40 mesh. 
Method. A sample of (44C)paraformaldehyde containing 
11.4 mg. and 0.5 mcuries was dissolved in 0.5 ml. water 
and the solution sealed in a tube and kept at 105° for 24 
hours. To the resulting hydrolysed (44C)paraformaldehyde 
solution were added 5.0 ml. of 1 M glycine, 2.5 ml. of
0.1 M NaHC0,j equilibrated with 5^ o C0g in nitrogen, 2.5 ml.
-3of 5 x 10  ^M pyridoxal phosphate, 1.0 ml. of 0.01 M
tetrahydroPGA, 2.0 ml. of a serine transhydroxymethylase 
102preparation ~ (,35.2 mg. of protein, 2390 units), and water 
to give a final volume of 11.5 ml.
After incubating the reaction mixture for 3 hours at 
37°, 2.5 ml. of 5 N HC1 were added and the resultirg 
precipitate was centrifuged off. The supernatant solution
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was pipetted on to the top of a column, of Dowex-50 resin 
(E+ form, 4 x 60 cm.). Elution was performed with 0.5 M HC1 
and the eluate collected in 25 ml, fractions. The fractions 
were tested for the presence of amino-acid using a ninhydrin 
reagent and the L-(3-^C)serine found to he in fractions 110 to 
134. These combined fractions were evaporated to dryness under 
reduced pressure. After adding a few ml, of water and 
evaporating down several times in order to remove HC1, the 
L-(3-^C)serine was dissolved in 15 ml. of water.
In order to remove brown and blue-fluorescing materials 
dissolved in the solution, acid washed granular charcoal 
(Nuchar C) was added until no further colour was removed from 
the solution. The charcoal was filtered off on Whatman No. 1 
paper.
A very small volume of the aqueous solution of the 
L-(3-^C)serine used as substrate for thymidylate synthesis 
was counted in the liquid scintillation counter under the 
standard conditions after dilution with ethanol. 0.1 ml. of 
the aqueous solution of L-(3-^C)serine was diluted with 
10 ml. of ethanol, and 0.1 ml. of the resulting solution added 
to 12 ml. of a solution containing 4 gm. of PP0 and 100 mg. #f 
P0PGP per litre of toluene.
The vial was counted in the usual way and the background 
count, measured before the addition of the ethanolic serine,
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The concentration of serine was measured by the method
108of Moore and Stein as described by Spies , and the specific 
activity in terms of [icuries per mg. of amino-acid 
calculated. A typical sample was shown to contain 18.1 
[Xcuries and 17.8 p.moles per ml. of solution.
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